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Insect repellents of natural origin: Catnip and osage orange 
Christopher John Peterson 
Major Professors: Dr. Joel R. Coats and Dr. Wayne A. Rowley 
Iowa State University 
The studies presented here represent my efforts over the last several years to identify 
naturally occurring insect repellents. Two plants are reported here, catnip and the osage 
orange. The first study confirmed repellency of osage orange extracts to the maize weevil, 
but found that repellency to two components, osajin and pomiferin, was not significant. A 
second study evaluated the effects of catnip essential oil on German cockroaches. Extracts of 
the plant and isolated compounds were more repellent than diethyl-m-toluamide (DEET). 
One isomer of nepetalactone was more active than the other was. We determined that the 
chemoreceptors responsible for the repellent response were located on the antennae. A third 
study reexamined some of the activity we saw in osage orange extracts in the first study. We 
examined the essential oils of the fruit, and identified several sesquiterpene compounds. We 
tested the repellency of essential oil components to German cockroaches, and found several 
of them to be repellent. In the last study we examined the repellency of catnip and osage 
orange extracts to the yellow fever mosquito. We determined that catnip essential oil 
significantly reduced the number of insects near the treated area. 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
Introduction 
The Importance of Insects in Human Health 
Members of five orders in the Class Insecta feed on the blood of vertebrates: 
Phthiraptera (chewing and sucking lice, separated by some authors into two separate orders, 
the Mallophaga and Anoplura, respectively, of which only the Anoplura takes blood), 
Hemiptera (true bugs), Diptera (true flies), Siphonaptera (fleas) and a few species of 
Lepidoptera (moths and butterflies). In addition, one order in the Class Arachnida, the 
Acarina (= Acari, the ticks and mites), has members that are hematophagous. 
Among the hemimetabolous insect orders, both the immatures and adults are 
hematophagous, but of the holometabolous insects only the adults (with some exceptions) 
take blood. In some Diptera, notably in the suborder Nematocera and the infraorder 
Tabanomorpha in the suborder Brachycera, blood feeding is further restricted to females. Of 
the Acarina that take blood, both sexes do so and generally in all life stages, although some 
(for example the Trombiculidae, the chiggers) take blood only in the larval stage. 
Death by hypovolemia due to the blood feeding of insects is rare enough to be 
considered insignificant. More commonly, blood-sucking insects are able to transmit 
pathogenic agents through their bite. There are many arthropod-borne diseases that can 
infect humans. Most are diseases of animals that have adapted to infect human hosts. The 
rise of agriculture and the taming of livestock has provided the opportunity for many animal 
diseases to become zoonotic and infect humans (Diamond, 1997). Of the many pathogens 
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that infect humans, I shall briefly discuss a few that have had an enormous impact on the 
course of human history. 
Malaria is the most common disease of humans (Kettle, 1984). Malaria is caused by 
any of four protozoans in the genus Plasmodium (P. vivax, P. falciparum, P. malariae and P. 
ovale) and is transmitted by Anopheles mosquitoes. The World Health Organization (WHO) 
estimates that 40% of the world's population, or 2.2 billion people, live in areas where 
malaria outbreaks are likely to occur. WHO estimated recently that 300 - 500 million 
clinical cases of malaria occur worldwide each year, with over 1 million deaths. Ninety 
percent of these are in sub-Saharan Africa, where malaria is the leading cause of death of 
children under five, especially when complicated with other ailments such as measles, 
pneumonia or diarrhea. Malaria is responsible for 20 - 30% of all hospital admissions and 
30 — 50% of all outpatient consultations in Africa. Malaria is less common in the Western 
Hemisphere, and Brazil has over 50% of all malaria cases reported in the Americas. 
Economically, malaria is responsible for reduced productivity due to worker absence 
(typically two to four weeks), disability and premature mortality. In 1997, WHO estimated 
an economic loss in Africa from malaria alone at US$2 billion (UNICEF, 2000). 
Plague, Yersinia pestis, is a bacterial disease of rodents to which humans are 
susceptible. It is spread by the Oriental rat flea, Xenopsylla cheopis. The first reported 
epidemic of plague, in 1320 BC, is referred to in the Bible: The people of Ashdod were 
"plagued with tumors and their territory was swarmed with rats" (I Samuel 5: 6). There have 
been three pandemics of plague during the last 2000 years. The first killed an estimated 100 
million people during the years of AD 542 through 546. The second pandemic killed over 50 
million people worldwide and is commonly referred to as the "Black Death" of medieval 
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times. The third pandemic originated in China in 1894, and spread rapidly through the world 
with the help of international commerce. It killed 13 million people in India alone (Dennis et 
al., 1999). The third pandemic is believed to be coming to an end, though local outbreaks are 
seen. Since 1950, world-wide plague incidence reached its peak during the years of the 
Vietnam conflict and was centered in that country. The outbreak is thought to have been due 
to vast defoliation of rural areas (perhaps causing rats to seek food near and in human 
habitations), and disruption of the economy and health care. Since about 1982, plague 
incidence has been rising in Africa, though the human mortality rate is dropping due to the 
distribution of modern antibiotics (Anker and Schaaf, 2000). Of the three types of plague, 
bubonic, septicemic and pneumonic, the former two are transmitted by fleas. Bubonic plague 
is characterized by black swellings (buboes) in the groin, armpits and neck. Septicemic 
plague is nearly always fatal and occurs when the insect deposits the bacterium directly into 
the bloodstream. Pneumonic plague occurs when plague bacteria secondarily infect the 
lungs, and is the only form transmissible person-to-person (Dennis et al., 1999). 
A third disease of historical importance is louse-borne typhus. The causative agent of 
typhus is Rickettsia prowazekii and is spread by the human body louse, Pediculus humamts 
humamts. Human body lice are transmitted person-to-person through the sharing of clothing 
and bed linens and through close personal contact. The disease flourishes in situations of 
crowding, such as in military combat, prisons and poverty. Mortality rates can reach 30 — 
60% in situations aggravated by malnutrition (Kettle, 1984). Up until the middle of the 
Twentieth Century, military deaths from typhus sometimes outnumbered battle casualties by 
a ratio of two to one. It wasn't until the discovery and wide-spread use of dichloro-diphenyl-
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trichloroethane (DDT) during the Second World War that effective control of typhus, 
through control of its louse vector, was realized. 
Of emerging importance is human immunodeficiency virus (HIV), the causative 
agent of acquired immunodeficiency syndrome (AIDS). As of the end of 1998, 33.4 million 
people worldwide were believed to be infected with HIV. Seventy percent of the world's 
HIV-infected persons (22.5 million) live in sub-Saharan Africa. It is projected that AIDS 
deaths in Africa will soon surpass the European 20 million-person death toll of the Black 
Death in the middle 1300s (Cohen, 2000). HIV is not transmitted by insects. The Center for 
Disease Control and Prevention (CDC) in Atlanta, Georgia gives several reasons for this. 
One, the circulating viraemia in HIV-infected persons is too low for it to be very likely that 
an insect would acquire any viral particles while feeding. Two, while feeding, an insect does 
not inject its own or previous host's blood into the new host. Three, the saliva that is injected 
has never been shown to contain any HIV particles in experimentally infected insects. Four, 
unlike other diseases (such as viruses like yellow fever or dengue, or plague bacteria), HIV 
does not undergo propagative development within an insect. Five, the virus has never been 
shown to survive for any length of time in an insect. Finally, mosquitoes do not usually bite 
several hosts in succession, digesting the blood meal before seeking another host (CDC, 
1998). 
Pathogen transmission from insects to humans and animals is almost always 
associated with the insects' bite. In the case of malaria, the microorganisms are injected into 
the wound with the mosquito saliva. Mosquito-borne viruses, such as yellow fever, are also 
spread in this manner. With plague, accumulating bacilli in the insect's proventriculus form 
a plug. When the flea attempts to feed, the pharyngeal pump pulls blood into the esophagus, 
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but the plug prevents the blood's entry into the gut and the esophagus distends. When the 
pump tires and ceases pumping, the accumulated pressure in the esophagus causes the blood, 
now mixed with plague bacilli, to reflux back into the host, causing infection. In cases of 
typhus, rickettsia multiply in the midgut and are excreted in the feces. When an infested 
person scratches the area of the louse bite, the feces are rubbed into abrasions of the skin. 
Transmission of typhus can also occur when the insects are crushed into abraded skin. 
Chagas' disease, spread by conenose bugs in the family Reduviidae, is contracted when a 
bitten host rubs insect feces into the eye. Pathogenic nematodes spread by mosquitoes, such 
as Wuchereria bancrofti, which causes elephantiasis, exit the mosquito's labellum during 
feeding and enter the wound (Kettle, 1984). 
There are over 3500 known species of cockroach, 55 of which occur in North 
America north of Mexico, and four commonly live in human habitations: the German 
cockroach (Blcittellci germanicci), the American cockroach (Peri plat te ta am cri cat ici), the 
brown-banded cockroach (Supella longipalpa) and the Oriental cockroach (Blatia orientalis). 
The remainder of species act as decomposers. Domiciliary cockroaches are scavengers, and 
are attracted to any source of food or water; leaky faucets, garbage disposals, garbage cans, 
pet dishes and anywhere that food is prepared or served, including television rooms (where 
people often snack). Cockroaches are not known to vector any known diseases. They are, 
however, implicated in the mechanical transmission of several microorganisms. Several 
species of pathogenic bacteria have been isolated from the feet and body parts of 
cockroaches, and it is possible that these bacteria may be carried to places where humans 
may come in contact with it. Sensitivity to cockroach cuticular proteins is common. The 
allergenic protein has been identified as Bla g 2, and was found in 29% of kitchens and 41% 
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of nurseries in one study in Dresden, Germany. An immunoglobulin, IgE, has been 
identified as being specific for cockroach allergy (Hirsh et al., 2000 and references therein). 
There is also thought to be a causal relationship between cockroach allergen exposure and 
childhood asthma (Platts-Mills et al., 2000). 
It is doubtful that insect repellents will have much of an effect on the worldwide 
problem of insect-borne illnesses. At any given time of day, there is some insect capable of 
transmitting some disease, whether it is malaria spread by nocturnal Anopheles gambiae or 
yellow fever spread by diurnal Aedes aegypri. This would necessitate the continual, life-long 
use of high doses of repellents, a practice that is impractical, expensive and potentially 
unsafe. The local populations of areas where insect-borne diseases are common usually can 
not afford and do not desire to make continual use of personal repellents. This situation is 
aggravated in cases such as plague where an animal host is present to serve as a reservoir for 
the disease. The people who would benefit from personal insect repellents are military 
personnel and tourists, who usually receive prophylactic treatments anyway. In other words, 
repellent technology protects those who are least likely to need it for extended periods of 
time. Though it is true that cases of insect-borne illnesses such as malaria can occur in 
temperate areas, caused by infected individuals returning from endemic areas, these 
incidences are rare. Anopheles mosquitoes overwinter as inseminated, non-blood-fed (and 
therefore non-infected) females and infected individuals do not survive the winter. Once a 
disease establishes itself, as West Nile fever has in the United States, the same problems of 
cost and user compliance associated with insect repellents in developing countries present 
themselves. Vector control and prophylaxis in such situations will be more effective than the 
use of repellents. 
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The alternative, however, is to do nothing. The use of repellents by travelers (civilian 
and military) may reduce the incidence of local disease outbreaks in temperate areas. In 
countries such as Kenya, where tourism is a major source of national income, the use of 
repellents can increase the pleasure and comfort of tourists. In military operations, they may 
reduce the incidence of illness and reduce annoyance to personnel, who can then complete 
their operations more efficiently. Repellents can be viewed as one tool with a specific role in 
protecting people from insect-borne illnesses. 
History of Insect Repellents 
Synthetic Compounds 
The use of insect repellent compounds dates back to antiquity, when various plant 
oils, smokes, tars, etc. were used to displace or kill insects. Before the Second World War, 
there were only four principal repellents: oil of citronella, sometimes used as a hair dressing 
for head lice, dimethyl phthalate, discovered in 1929, Indalone® (//-butyl mesityl oxide 
oxalate, or a-a-dimethyl-a-carbobutoxy-y-dihydropyrone), which was patented in 1937, and 
Rutgers 612 (2-ethyl-1,3-hexanediol, or 612), which became available in 1939 (Ware, 1994). 
At the outbreak of World War II, the latter three components were combined into a 
formulation for use by the military known as 6-2-2, six parts dimethyl phthalate, two parts 
Indalone and two parts Rutgers 612. Another formulation was M-2020, consisting of 40% 
dimethyl phthalate, 30% Rutgers 612, and 30% dimethyl carbate (bicyclo[2,2, l]-5-heptene-
2,3-dicarboxylic acid, c/'^-dimethyl ester). A military repellent formula for use on clothing, 
called M-1960, consisted of 30% benzyl benzoate, 30% //-butylacetanilide, 30% 2-butyl-2-
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ethyl-l,3-propanediol and 10% Tween 80 as a surfactant. Manufacture of dimethyl 
phthalate, Rutgers 612 and Indalone have been discontinued. Many other historical 
repellents, such as MGK® Repellent 11, have lost their registrations through the Federal 
Insecticide, Fungicide and Rodenticide Act (FIFRA) amendments of 1988 (Ware, 1994). 
These formulations failed to provide the desired protection of military personnel 
deployed around the world during the war. As a result, the United States government 
screened, by 1956, over 20,000 potential mosquito repellent compounds (Dethier, 1956). In 
1953, the insect repellent properties of MiV-diethyl-m-toluamide (DEET, Fig. 1) were 
discovered (McCabe et al., 1954), the first DEET product was introduced in 1956 (Dogan et 
al., 1999) and worldwide usage exceeded 200,000,000 persons in 1980 (U.S. EPA, 1980). 
Once applied, DEET may evaporate, be absorbed into the skin, be lost by abrasion or 
adsorption onto surfaces or clothing or be diluted by perspiration (Ware, 1994). DEET 
action can be improved through formulation. DEET may be mixed with camouflage face 
paint for use by military personnel. The incorporation of certain polymers slows the rate of 
DEET evaporation, extending protection time. It also has the added benefit of reducing 
DEET concentration, increasing safety to the user and user acceptance (Hoch et al., 1995). 
o 
N.N-diethvl-///-toluamide 
Figure 1. Structure of DEET. 
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One formulation reduced the water solubility of DEET sufficiently to allow it to stay on the 
skin while the user was swimming, providing protection from Schistosoma mansoni, the 
water-borne causative agent of schistosomiasis (Salafsky et al., 1999). DEET was found to 
be marginally effective in repelling deer flies in the genus Chrysops, and DEET effectiveness 
was synergized by the mixture of DEET with 2-hydroxyethyl cyclo hexanecarboxy late 
(HECC) (Schreck et al., 1976). DEET has been found to synergize the toxicity of acetyl 
cholinesterase inhibitors in the German cockroach (Moss, 1996). 
DEET is in many cases regarded as safe to humans, but documented toxic effects do 
include encephalopathy in children (Roland et al., 1985), urticaria syndrome (Howard and 
Howard, 1985), anaphylaxis (Miller, 1982), hypotension and decreased heart rate (Leach et 
al., 1988), acute manic psychosis (Snyder et al., 1986) and death (Tenebein, 1987). Up to 
50% of the applied dose of DEET may be absorbed into the skin within six hours (Lurie et 
al., 1979). It may also enhance the absorption of other compounds (Windheuser et al., 1982), 
such as fen valerate (Dorman et al., 1990) and fenitrothion (Moody et al., 1987), but not 
permethrin or carbaryl (Baynes et al., 1997). 
Several other compounds have been evaluated for repellent activity, though none so 
far have the commercial success of DEET. Bayer AG plans to release a mosquito repellent 
with the name BayRepel®, the active ingredient of which is l-piperidinecarboxylic acid, 2-
(2-hydroxyethyl)-l-methylpropylester (KBR 3023) (Yap et al., 2000). Dibutyl phthalate, 
dimethyl phthalate, DEET and benzyl benzoate have been evaluated for repellency to ticks 
(Frances, 1994). Fencholic acid (3-isopropyl-1-methylcyclopentane carboxylic acid) is 
sometimes used as a standard for cockroach repellency in laboratory bioassays (Randall and 
Brower, 1986). M-W-Diethylphenyl acetamide (DEPA) is licensed for use as a cockroach 
10 
repellent in India (Prakash et al., 1990) and Colgate-Palmolive has released a cockroach 
repellent floor cleaner, Ajax Expel® in Europe, the active ingredient of which is //-methyl 
neodecanamide. This product has been shown to cause cockroaches to leave their harborages 
and they are less likely to reinfest previously occupied areas after treatment with the cleaner 
(Brenner et al., 1998). Currently, several other compounds of interest are being evlauated. 
AI3-37220, or l-(3-cyclohexen-l-yl-carbonyl)-2-methyl piperidine, C1C-4, or (2-
hydroxymethyl cyclohexyl) acetic acid lactone (Frances et al., 1998) and AI3-35765, or l-(3-
cyclohexen-l-yl carbonyl) piperidine (Klun et al., 2000, and references therein) have been 
reported to have activity similar to DEET against several important species of Diptera and 
Acarina. Permethrin is used in mosquito bed nets (Robert et al., 1991 ), and permethrin and 
cypermethrin have been shown to repel the Western subterranean termite, Recticiili/ermes 
hesperas (Rust and Smith, 1993). However, the acute toxicity of pyrethroids to insects is the 
principal mode of action. 
Insect Repellents of Natural Origin 
The field of chemical ecology has determined that plants employ chemical defenses 
to protect themselves against herbivorous pests. Painter (195 I) outlined three modes of plant 
defense: antibiosis, tolerance and non-preference. Antibiosis exists in the situation where 
the plant defenses are toxic to the herbivore, tolerance is demonstrated if the plant simply 
endures the damage done by the herbivore, and non-preference occurs if the plant causes the 
herbivore to go elsewhere, either through mechanical or chemical feeding deterrents. These 
chemical feeding deterrents may potentially be developed into commercial insect repellents, 
either in their natural form or through chemical modification into more effective analogs. 
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Feeding deterrent compounds are known for phytophagous insects, but so far none are known 
for hematophagous insects (Mclver, 1987). 
Many natural ingredients are included in current formulations of insect repellents. Of 
65 formulations of non-United-States-produced insect repellents, 33 contain DEET and the 
remainder contain natural oils (Schreck and Leonhardt, 1991). 
In the United States, citronella is a popular botanical ingredient in insect repellent 
formulations. The insecticidal properties of this oil were discovered in 1901, and it was used 
for a time as a hair dressing for the control of fleas and lice (Ware, 1994). Few studies have 
been undertaken to evaluate the efficacy of such products. Despite popular conception, 
Lindsay et al. (1996) reported that citronella candles or incense were ineffective at reducing 
the biting pressure of mosquitoes. It was found that burning an unscented candle had the 
same effects on reducing the biting rate of mosquitoes in the field as a citronella candle 
(Lindsay et al., 1996). 
Three commercial products were recently evaluated for repellency in a laboratory 
olfactometer against Aedes aegypti. Buzz Away (containing citronella, cedarwood, 
eucalyptus and lemongrass oils), Green Ban (containing citronella, cajuput, lavender, safrole-
free sassafras, peppermint and bergaptene-free bergamot oils) and Skin-So-Soft (containing 
"various oils and stearates") all failed to show any repellency in an olfactometer, though 
DEET formulations were effective (Chou et al., 1997). 
Neem oil, from Azadircichra indica, when formulated as 2% in coconut oil, provided 
complete protection (i.e. no confirmed bites) for twelve hours from Anopheles (Sharma et al., 
1993). A neem extract proprietary product, AG 1000, has been shown to be repellent to the 
biting midge Culicoides imicola, which can spread cattle diseases (Braverman et al., 1999). 
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Quwenling, a popular Eucalyptus-based repellent product, contains a mixture ofp-
menthane-3,8-diol (PMD), isopulegone and citronellol. Quwenling has largely replaced 
dimethyl phthalate as the insect repellent of choice in China (Trigg, 1996). Eucalyptus oil 
itself, the principal ingredient of which is PMD, provided protection comparable to DEET in 
repelling Anopheles mosquitoes in field studies (Trigg, 1996). Although repellent to C. 
impunctatus, Eucalyptus oil was attractive to C. imicola (Braverman et al., 1999). 
A common practice is to place red cedar blocks or sachets in closets to repel clothing 
moths. This is probably why many hope chests are made of red cedar; to protect heirloom 
clothing from attack. Milled red cedar flake boards were found to be repellent to the German 
cockroach, but not to American or brown-banded cockroaches (Appel and Mack, 1989). 
Of 901 substances (872 synthetics and 29 botanical oils) tested for repellency to four 
species of domiciliary cockroaches by the United States Department of Agriculture (USD A) 
between 1953 and 1974, 127 repelled 94% or more of the German cockroaches, 61 repelled 
100% and 13 repelled 100% of all four species. None of those 13 were botanical extracts, 
but many were close analogs of natural products. Of these, 1,4-naphthoquinone has many 
substituted forms that occur in nature (such as vitamin K), and several piperidines (many of 
which are natural, such as coniine) were repellent (Bodenstein and Fales, 1976). We have 
already seen that some piperidine compounds were comparable to DEET in providing 
protection from several species of Acarina and Diptera (Klun et al., 2000). The USDA study 
also evaluated extracts of neem, and only the ether soluble portions of the ethanol extract 
were repellent (Bodenstein and Fales, 1976). 
Other plants have been examined, but have not yet been developed into commercial 
products. Those evaluated against insects and/or arachnids include an African shrub Cleome 
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monophylla (Ndungu et al., 1995), an African tree Commiphora rostrata (Lwande et al., 
1992), Gynandropsis gynandra essential oil (Lwande et al., 1999), the pithraj tree, 
Aphanamixispolystachya (Talukder and Howse, 1994), various herbs (Barnard, 1999; Hon, 
1998), green ash trees (Markovic et al., 1996), cultivated potatoes (Avé et al., 1987), various 
essential oils (Landolt et al., 1999), Warburgia ugandensis (Messchendorp et al., 1998), 
Allium sativum (onion) and Citrus sinensis (mandarin orange) (Scheffler and Dombrowski, 
1992), aromatic terpenes (Ngoh et al., 1998), isothiocyanates (Blackwell et al., 1997) and 
norbornanol compounds from Dysoxylum spectabile (Russel et al., 1994). 
From time to time, various electronic pest repellers become popular items. A Kansas 
State University study presented at a recent meeting of the Entomological Society of 
America meeting in Montreal reported that of three electronic cockroach repellent devices, 
two were not effective in reducing cockroach infestation of laboratory enclosures, while one 
device showed potential for cockroach repellency (Huang et al., 2000). An electronic 
mosquito repeller was found to be ineffective at repelling natural populations of mosquitoes 
(Lewis et al., 1982). 
Repellency as an Insecticide Resistance Mechanism 
Repellency may be considered an undesirable trait in some situations. Behavioral 
resistance to insecticides is one way by which insecticide efficacy may be reduced by 
preventing the insects from coming in contact with treated surfaces. It has been 
demonstrated that certain strains of the sawtoothed grain beetle, Oryzeaphilus surinamensis, 
resistant to permethrin avoided permethrin-treated surfaces (Watson and Barson, 1996), and 
resistant strains of the lesser grain borer, Rhyzopertha dominica, avoided surfaces treated 
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with deltamethrin (Lorini and Galley, 1998). Similarly, repellent effects were seen in 
German cockroaches resistant to pyrethrins (Rust et al., 1993) and sulfuramid (Appel and 
Abd-EIghafar, 1990). The observed repellency of these compounds may be due to sublethal 
effects similar to those related to the apparent repellency of DDT examined by Kennedy 
(1946). The repellency mentioned above should not be equated with the behavioral 
resistance of Anopheles mosquitoes to DDT. In the case of DDT, there was artificial 
selection pressure placed on endophilic mosquitoes which resulted in the elimination of those 
strains that rested indoors. The mosquitoes appeared to be repelled only because the 
endophilic individuals were eliminated. 
Olfactory Biology 
To understand how insect repellents work, I will next discuss insect olfactory biology, 
focussing on mosquitoes and cockroaches. 
Insect Olfactory Morphology, General Considerations 
The mouthparts involved in blood feeding are derived from the generalized 
mouthparts of insects. Because the mouthparts involved differ between, and sometimes 
within, the various orders, it is assumed that the hematophagous state has arisen 
independently several times from existing structures (Mclver, 1987). For example, in blood-
feeding Hemiptera, the food canal is formed by the right and left maxillae held together, 
whereas in the Culicidae (Diptera) the food canal is derived from the labrum/epipharynx 
(Kettle, 1984). 
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Similar to the mouthparts, the sensilla involved in blood feeding are not always 
homologous between or within orders, and probably arose independently in distantly related 
groups. Sensillar morphology of hematophagous insects more closely resembles that of their 
close phytophagous relatives than that of more distantly related hematophagous insects; i.e. 
morphology of sensilla reflects taxonomic relationship more than function in feeding 
behavior (Mclver, 1987). 
Sensilla responding to chemical stimuli may be located on one or more various parts 
of the insect's body: antennae, maxillary or labial palps, internal mouthparts, and the legs, 
most notably the tarsi. Mechanosensory hairs may be found on nearly every body area: 
antennae, mouthparts, terminalia, the body surface and even on the halteres of flies (Mclver, 
1982). Most work to date on insect gustation and feeding focus on the sensilla of the 
mouthparts, and work done on host finding, either of phytophagous or hematophagous 
insects, has focussed on the antennae. Much of the research regarding the perception of 
pheromones has focussed on perception by the antennae as well. 
The antennae arise on the third segment of the head as small buds during 
embryogenesis. In hemimetabolous insects, additional annuli and sensilla are added at each 
molt, with specialized sensilla unique to adults (e.g. pheromone receptors) appearing at the 
terminal molt. In holometabolous insects, enormous changes in antenna form and function 
occur during development in the pupa stage (Keil, 1999). 
The generalized insect antenna is comprised of a scape, a pedicel and a flagellum. 
The scape provides attachment to the head, and is articulated by pivoting on a single point, 
the antennifer, allowing movement in all directions. The scape and pedicel are the only 
antenna parts to be musculated in the ectognathous insects. The scape muscles arise from the 
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anterior tentorial arms and the pedicel muscles arise in the scape. The entognathous 
hexapods (i.e. Collembola and Diplura) have intrinsically musculated flagella. The flagellum 
of insects is often multi-segmented (each segment is properly called an "annulus," because 
the annuli are not equivalent to leg segments) and comprises the terminal portion of the 
antenna. All antenna parts are innervated; the nerves of the scape and pedicel are related to 
motor control of the antenna, and the nerves of the flagellum are exclusively sensory. A very 
large degree of variation exists in antenna shape, but the antennae of all insects contain these 
three parts (Chapman, 1998). 
The scape and pedicel are typically covered with setae or scales, which are sometimes 
innervated. In Aedes ciegypti, the scape and pedicel setae are innervated by a single neuron 
that responds to bending of the seta, and therefore are thought to relate information about 
antenna position (Mclver, 1982). The flagellum provides the bulk of the chemo- and 
mechanosensory organs. 
The pedicel also contains the Johnston's organ, which is responsible for perception 
and location of auditory signals. In mosquitoes, the fibrillae of the male Johnston's organ 
vibrate in resonance with the female wing beat frequency, allowing the male to locate a 
female (Mclver, 1982). It is beyond the scope of this review to discuss this organ in depth. 
Olfactory sensilla consist of a bipolar olfactory receptor neuron, auxiliary cells and 
cuticular elements. The neuron contains the chemoreceptor elements that interact with odor 
components or odorant binding proteins. The auxiliary cells perform two functions: building 
the physical cuticular structures that give the sensillum its shape, and providing the correct 
chemical environment for olfactory function (Keil, 1999). 
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The olfactory neuron is exposed to the external environment through pores in the 
sensillum wall (Steinbrecht, 1996). Insect sensilla may be classified by pore placement. 
Wall pore-sensilla, with the pores spaced along the lateral walls, are thought to be olfactory. 
Tip pore-sensilla, with a single pore at the sensillum tip, are usually gustatory. A final type, 
the no pore-sensilla, lacks pores entirely and include mechano- and thermoreceptors. These 
types may be further divided into single- or double-walled sensilla based on auxiliary cell 
arrangement (Keil, 1999). In the single-walled type, the odorant molecules travel through the 
wall via pore-tubules to the sensilla lumen. In double-walled sensilla, however, pore tubules 
are absent and the neurons are exposed to the environment through spoke-channels 
(Steinbrecht, 1996). 
Mosquito Sensory Morphology and Physiology 
Mosquitoes make oriented movement toward two types of odor sources: those 
associated with nectar (both sexes) and those associated with vertebrate hosts (females only). 
All adults of both sexes at all ages require a source of sugar to power basal metabolic 
functions. When such sugars are supplemented with amino acids, which is often the case 
with floral nectar, the adult life span is extended beyond that with sugar alone (Foster and 
Hancock, 1994). Female mosquitoes orient up-wind flight towards the source of floral odor 
components in a Y-tube olfactometer (Mauer and Rowley, 1999) and take nectar from a 
variety of flowers in the field (Sandholm and Price, 1962). 
Of the three subfamilies of Culicidae, Toxorhynchitinae, Anophelinae and Culicinae, 
blood feeding is often required in the latter two for the proper development of the egg clutch. 
Such a requirement is referred to as "anautogeny " Nearly all species of anopheline and 
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culicine mosquitoes are anautogenous. Autogeny, i.e. not requiring a blood meal, is the rule 
in Toxorhychitinae, the species of which never take a blood meal and are therefore medically 
unimportant. Autogenous strains of culicine species exist, though few species are completely 
autogenous. For example, Aedes astropalpus and Culex molestus do not require a blood meal 
for the first egg clutch, but do for all subsequent clutches, and Aedes bcihcimensis can be 
either autogenous or anautogenous depending on larval nutrition (Bowen, 1996). 
Hematophagous mosquitoes orient towards many different odor sources associated 
with vertebrate hosts. There are at least 102 compounds in human breath and over 300 in 
whole-body effluence (Bowen, 1996 and references therein). Carbon dioxide, lactic acid and 
l-octen-3-ol are the three most important host odor compounds (Costantini, 1996). Carbon 
dioxide, shown electrophysiological^ to be detected by sensilla on the maxillary palps 
(Grant and O'Connell, 1996), is expired in the breath and from the skin of host animals. The 
amount of CO2 released from the surface of the skin is negligible compared to levels of 
ambient CO2 (about 300 ppm), so attractancy to the host is likely due to CO2 in the breath 
(Carlson et al., 1992). It is thought to be a long-range attractant, causing orientation towards 
the source by Cu/ex and Anopheles from distances of up to 36 meters. Some studies show 
that carbon dioxide can be an attractant in and of itself but many researchers believe it may 
instead activate the mosquito to respond to other host odors (Cork, 1996). 
The alcohol l-octen-3-ol has been isolated from mammalian hosts and attracts a wide 
range of hematophagous Diptera. It is an attractant, either alone or in combination with 
carbon dioxide, to most anopheline and culicine mosquitoes tested except for Culex species, 
which are ornithophilic and l-octen-3-ol is a mammalian odor (Cork, 1996). 
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Lactic acid, a component of human sweat, has been shown to be attractive to Aedes 
aegypti (Acree et al., 1968). In behavioral studies, lactic acid, which was found to be 
essential to attraction of Aedes aegypti, was only mildly attractive alone, indicating that 
synergism with other unidentified human odor components (Geier et al., 1996) may be 
important. Lactic acid is a short-range attractant, as it had no effect on mosquitoes a few 
centimeters away. Mosquitoes are attracted to various phenols, indoles, carboxylic acids and 
steroids emanating from host animals (Cork, 1996). Ticks are attracted to artificial host odor 
blends comprised of at least seven compounds, and they do not respond to any of the tested 
compounds individually (Ostercamp et al., 1999). A recent study demonstrated that fresh 
sweat from human volunteers is not attractive to Anopheles gambiae, but sweat incubated for 
24 hr at body temperature is. It was concluded that microorganisms associated with the 
sweat may produce compounds attractive to this mosquito (Braks and Takken, 1999). 
Classification of mosquito sensilla into various descriptive groups has been attempted 
based on sensilla morphology and function. Nearly 100 years ago, Schenk (1903) provided a 
classification defining most of the terminology currently in use. Because these structures are 
so versatile and variable in both form and function, sensilla classification is dis-uniform and 
confusing throughout the literature, and each new advance in microscopy and biochemistry 
seems to only confuse the current classification. I will use (whenever possible) the 
terminology of Mclver (1982), except where there is reason to do otherwise. 
Mosquito flagella have 13 annuli, which contain about 5 types of sensilla: sensilla 
chaetica, small sensilla coeloconica, sensilla styloconica, grooved peg sensilla and sensilla 
trichoidea. Another type of sensilla, the capitate pegs, are found on the maxillary palps. 
Large sensilla coeloconica are found only in anophelines, near the base of the antennae (in 
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the seven basal annuli). Both male and female mosquitoes have the same types of sensilla, 
but the females generally have more (Mclver, 1982). Each sensory hair is innervated by 1 to 
50 sensory neurons, but 2 to 6 is the most common number (Sutcliffe, 1994). 
Sensilla chaetica are thick-walled bristles set in sturdy sockets. They are single-
walled, with pore placement as either tip-pore or no-pore (Keil 1999). Long and short forms 
of these sensilla exist, and they decrease in length distally along the length of the antenna 
starting on the second annulus. The bristles are typically innervated by one neuron. Based 
on shape, sensilla chaetica are thought to be mechanosensilla, and ablation of long sensilla 
chaetica abolishes upwind flight (Mclver, 1982). 
Small sensilla coeloconica occur in groups of two or three at the tips of the antennae 
of both sexes. They contain three bipolar neurons, two of which have unbranched dendrites. 
These sensilla are believed to be temperature sensors. Electrophysiological studies show that 
two thermoreceptors exist in the sensilla, one sensitive to heat and the other to cold. 
Morphological evidence shows that the sensilla and associated neurons are more developed 
in anopheline and culicine species than they are in Toxorhynchites. which does not seek a 
vertebrate host and therefore does not use heat as a host cue to the same degree as the other 
subfamilies (Mclver, 1982). 
Sensilla styloconica are double-walled, short pegs innervated by three unbranched 
neurons, two of which respond to humidity and one to temperature (Keil, 1999). They are 
present on most, if not all, mosquito antennae. Sometimes referred to as "pegs in tubes," the 
sensilla are concealed inside the antenna and exposed to the environment through an 
elliptical orifice. The sensillum exists in a flask-shaped cavity that narrows toward the 
orifice. The sensilla themselves resemble the small sensilla coeloconica (Mclver, 1982). 
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Mclver (1982) misclassifies these sensilla as "sensilla ampullacea," which are defined by 
Keil (1999) as single-walled sensilla innervated by one CCh-sensitive neuron. 
Grooved pegs (referred to as A3 sensilla or sensilla basiconica in various literature) 
appear on annuli in varying numbers (depending upon species) on both male and female 
mosquitoes (Mclver, 1982). They are single-walled, wall pore-sensilla (Keil, 1999). They 
derive their name from the 11 to 13 grooves, containing the pores, that begin near the base 
and extend to near the tip. The density of grooved pegs increases distally along the 
flagellum. Some authors identify three types of grooved pegs based on morphology. PI pegs 
are grooved, curved and thick-walled and occur on all species examined. PO pegs are shorter 
and instead of curving, incline distally and are found on Culex and Mansonia. PIU pegs are 
the longest and very thin. The PIU pegs may actually be better classified as thin-walled 
sensilla trichodea. Grooved pegs in Aedes have usually three (but up to five) unbranched 
neurons. Culex grooved pegs have only two neurons, and Anopheles have two groups of 
grooved pegs, based on the number of neurons present. Behavioral studies indicate a 
hygroreceptor role of grooved pegs, but electrophysiological evidence from both sexes of 
Aedes aegypti indicate that two of the three neurons in the grooved pegs responded to lactic 
acid. Neither of the three neurons were excited by carbon dioxide (Mclver, 1982). These 
sensilla, as we shall see, play an important role in the mode of action of insect repellents. 
Sensilla trichodea are the most numerous sensillum type on the mosquito antenna. 
They are highly variable in shape and function, with little correlation of various types 
between taxa (Mclver, 1982). They are single-walled, wall pore-sensilla (Keil, 1999). 
Anopheline mosquitoes have four types of sensilla trichodea based on morphology, but 
culicine sensilla trichodea are highly variable between taxa, and few generalizations can be 
made. Over 95% of the anopheline sensilla are innervated by two neurons, and the 
remainder, mostly at the distal end of the antenna, are singly innervated. In culicines, these 
sensilla are generally recognized to contain two neurons each. Studies have indicated that 
these sensilla are olfactory in function. The neurons respond to odorants by an increase or 
decrease in action potential frequency, but the various types of these sensilla respond 
differently to odorants. For example, fatty acids excite both the long, sharp-tipped sensilla 
and the blunt-tipped sensilla, but the sharp-tipped sensilla are inhibited by essential oils, 
which sometimes excite the blunt-tipped sensilla. Some studies indicated that sensilla 
trichodea are sensitive to oviposition attractants. to which males were found to be sensitive as 
well. Some neurons in these sensilla are excited by the repellent DEET (Mclver. 1982). 
In addition, mosquitoes possess capitate pegs on the maxillary palps. In general, 
female mosquitoes have more pegs than males, the absolute number varying with species. 
The pegs arise from cylindrical depressions and are perforated by many pores. Each peg is 
innervated by three neurons. One neuron has been shown electrophysiological^ to respond 
to COz and some volatiles, such as //-heptane and amyl acetate (amy! acetate is inhibitory) 
(Mclver, 1982). 
Among mosquitoes, large sensilla coeloconica are found only on the antennae of 
anophelines. They vary in number, depending upon species, between 28 and 50 per antenna 
for females and 8 to 14 for males and occur mostly on the seven basal annuli. Each 
sensillum is innervated by four to five neurons that divide within the peg lumen to form 7 to 
13 dendritic branches. Large sensilla coeloconica are believed to be olfactory receptors 
(Mclver, 1982), but as of Sutcliffe's 1994 review, no electrophysiological work had been 
done on these sensilla (Sutcliffe, 1994). 
The flagellar nerve of female mosquitoes contains roughly 2000 neurons. The female 
antennal nerve contains an additional 4000 — 5000 neurons from the Johnston's organ, for a 
total of about 6000 — 7000. The flagellar nerve of male mosquitoes contains at most 1000 
neurons, however the Johnston's organ supplies another 13,500 — 15,000 to the antennal 
nerve, for a total of roughly three times that of the female (Mclver, 1982). This is not 
surprising in light of reproductive behavior. Female mosquitoes would benefit from having a 
larger set of chemosensory neurons than the males, because the females must find a blood 
source in addition to the nectar sources sought by males. Males, however, locate females by 
detection of wing beat frequency, and would therefore require more highly developed 
auditory organs (i.e. Johnston's organ) than the females. 
In mosquitoes, the antennal nerve extends, without fusing of individual axons 
(Mclver, 1982), into the antennal lobe of the deutocerebrum. The antennal lobe primarily 
receives neurons from the antennae, but also receives neurons having their receptors in the 
mouthparts. Antennal nerves of Aedes aegypti project into glomeruli in the ipsilateral 
antennal lobe (Distler and Boeckh, 1997a). The antennal lobes of both sexes ofAe. aegypti 
contain from 20 to 25 individual glomeruli, but the exact number is difficult to determine 
because not all of the glomeruli are demarcated by glia as they are in moths. The antennal 
lobes of females are slightly larger than males, but there are no other noticeable differences 
in antennal lobe morphology between the sexes (Anton, 1996). Maxillary afferents pass 
through the suboesophageal ganglion and arborize in the ventroposterior glomeruli in the 
ipsilateral antennal lobe. Small projections from the maxillary nerve were seen to cross the 
midline in the suboesophageal ganglion, but no projections were observed from the 
ipsilateral to the contralateral antennal lobe (Distler and Boeckh, 1997a). In no cases so far 
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observed have maxillary nerves been found to terminate in a common glomerulus with 
antennal nerves (Distler and Boeckh, 1997a; Anton and Romberg, 1999). As of yet, there are 
no studies with mosquitoes examining the innervation of glomeruli based on sensilla type 
(sensilla trichodea, grooved pegs, etc.) or odor type (lactic acid, floral odors, etc.). 
So far, no studies exist on the communication of the mosquito antennal lobe with the 
higher brain centers. In Drosophila nielanogaster, a cyclorrhaphous dipteran, the closest 
relative of the mosquito where extensive work has been done, 35 glomeruli have been 
identified. In contrast to mosquitoes, the antennal lobe of Drosophila receives inputs from 
the pharyngeal sensilla as well as antennal and maxillary inputs. 
There are five fiber tracts extending out of the antennal lobes to other brain centers in 
Drosophila. The inner antenno-cerebral tract (iACT) is the largest fiber tract and sends 
projections from the antennal lobe through the mushroom body calyx and finally into the 
lateral protocerebrum. The middle antenno-cerebral tract (mACT) mostly by-passes the 
mushroom body, except for a few projections, and innervates the lateral protocerebrum. The 
outer antenno-cerebral tract (oACT) extends directly to the lateral protocerebrum with no 
projections to the mushroom bodies. Another fiber tract, the so-called "broad root," is an ill-
defined tract that connects the antennal lobe to posterior brain centers. Finally, the antenno-
suboesophageal tract (AST) extends to the anterior portion of the suboesophageal ganglion. 
There are six types of interneurons associated with the antennal lobe. The first type 
are local interneurons which do not leave the lobe. Next are unilateral relay interneurons that 
extend from a single glomerulus into the mushroom body calyx and into the lateral 
protocerebrum, such as those in the iACT and mACT. A third interneuron type are unilateral 
neurons that connect several glomeruli with the lateral protocerebrum only, such as those 
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found in the oACT. A fourth type of intemeuron are bilateral, and link glomeruli in both 
antennal lobes to the calyx and lateral protocerebrum. Next are giant bilateral interneurons 
ramifying both antennal lobes and extending to posterior brain centers and the 
suboesophageal ganglion. These interneurons would be found in the broad root and the AST. 
The last type of intemeuron associated with the antennal lobe are unilateral interneurons with 
arborizations in one antennal lobe and further arborizations in the posterior brain, and 
sending a process that extends into the thorax (Stocker et al., 1990). 
Cockroach Sensory Morphology and Physiology 
Cockroaches are hemimetabolous insects, and therefore antennal morphology is 
similar in the nymphal and adult stages. In the nymphal stage of Periplaneta americana, 
there is no antennal sexual dimorphism, but in the adults the males possess more olfactory 
sensilla than females, although overall antennal length is the same (Schaller, 1978). Male 
cockroaches are more sensitive than females to olfactory stimuli (SchefFler and Dombrowski, 
1992), perhaps due to this dimorphism. Density and distribution of antennal sensilla in males 
changes markedly at the imaginai molt, while the density and distribution of sensilla in 
females resembles that of the nymph. It is therefore assumed that the dimorphism is due to 
an increase in sensilla formation in the male (Schaller, 1978). 
Sensilla of the cockroach can be divided into three types: wall-pore (single-walled 
and double-walled), tip-pore and no-pore sensilla. Single-walled A (.vu- A) wall-pore sensilla 
are typically 8-12 p.m long and 2-3 p.m in diameter at the base. They contain two sensory 
neurons that branch in the shaft, and they are reported to have a strong reaction to alcohols. 
They comprise about 8% of the sensilla present on the male antenna, and occur scattered 
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along its length. These comprise, in part, the sensilla defined as sensilla basiconica II by 
some authors (Schaller, 1978). 
Single-walled B (-siv B) sensilla, which are curved and scattered along the length of 
the antenna, make up the majority (54%) of the male cockroach sensilla. They are typically 
18-28 (im long and 3-4 gm in diameter at the base. They contain four sensory neurons which 
likely respond to female sex pheromones. Some authors describe these sensilla as sensilla 
basiconica I and III (Schaller, 1978). 
The last type of single-walled wall-pore sensilla is the .vu- C sensilla. These are 30-40 
p.m long, and the basal 5 jj.m are grooved, probably to provide rigidity, but the remaining 
length is smooth. The grooved portion of the sensilla is 3 fim in diameter and contains no 
pores. The sensilla are innervated by two neurons that have few or no branches. They are 
found only at the edges of the annuli and their exact function is unknown, though their shape 
indicates an olfactory function. They comprise about 6% of the total sensilla on the male 
antenna. These are equivalent to sensilla basiconica IV in other literature (Schaller, 1978). 
There are two types of double-walled wall-pore sensilla in the male cockroach. The 
first type, dw A sensilla, are 8-12 p.m in length, and 2-3 jj.m in diameter at the base, and are 
curved and taper sharply. These sensilla contain longitudinal grooves into which the pores 
open. There are two types of dw A sensilla based on groove morphology and number of 
sensory cells. The dw A J sensilla have three sensory ceils and 16-19 grooves, while dw A 2 
sensilla, which are sparse, contain four sensory cells and have 22-32 grooves. In both types, 
the dendrites are unbranched. The two types of sensilla together are distributed along the 
length of the antenna and comprise about 8% of the sensilla present. These, along with ,siv A 
sensilla, are sometimes referred to as sensilla basiconica II (Schaller, 1978). 
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A second type of double-walled sensilla, dw B, are 20-25 pm in length and may 
simply be a longer form of dw A sensilla (Schaller, 1978). 
The cockroach antenna also contains no-pore sensilla. These are 8 p.m in length and 
5 jj.m in diameter at the base. The hair shaft is double-walled at the base and single-walled at 
the tip, which displays short grooves. These sensilla are innervated by three to four sensory 
cells, the dendrites of which are always unbranched. Electrophysiological evidence suggests 
they are sensitive to temperature and humidity. They are rare, with only one sensillum for 
every two annuli (Schaller, 1978). 
The final sensilla type found in male cockroaches are the tip-pore sensilla. These are 
the longest sensilla on the male antenna, with a length of up to 170 (.un and a basal diameter 
of 10 |j.m. The hair wall is thick and externally grooved, with a single pore opening at the 
tip. The tip-pore sensilla are innervated by five neurons, one of which terminates at the 
sensilla base and the other four run the length of the sensilla (Schaller, 1978). One neuron is 
sensitive to mechanical stimuli and the other four contain contact chemoreceptors of three 
classes; one class sensitive to sugars, another to fatty acids and the third to alcohols (Ruth, 
1976). These sensilla are arranged in a ring around the annulus and comprise about 25% of 
sensilla on the male antenna (Schaller, 1978). Ruth (1976) refers to these sensilla as sensilla 
chaetica. 
Sensory neurons of the cockroach antenna innervate the antennal lobe as they do in 
mosquitoes. In P. americana, the cold-hydroreceptor sensilla contain four axons, three of 
which terminate in the ipsilateral antennal lobe, while the fourth axon branches into the 
ipsilateral dorsal lobe, a mechanosensory and motor center. One branch passes through the 
tritocerebrum to terminate in the suboesophageal ganglion. The cold-olfactory sensilla also 
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contain four axons, but all four terminate in the ipsilateral antennal lobe. In the antennal 
lobe, it was found that one axon of the cold-hydroreceptor neurons and one axon of the cold-
olfactory neurons terminate in a common glomerulus in the ventroposterior portion of the 
antennal lobe. Each axon, however, sends projections into separate glomeruli just dorsal to 
the glomerulus of their common terminal. The three glomeruli lack distinct demarcation, and 
form a complex. It is thought that these two neurons are cold receptor neurons, and the 
common glomerulus and glomerular complex serve as a center for cold reception. The other 
neurons from the sensilla all terminate in unique glomeruli, and the cold-olfactory and cold-
hydroreceptor sensilla do not share any glomeruli, with the one exception (Nishikawa et al., 
1995). 
The cockroach antennal lobe has 120 glomeruli in P. americana (Boeckh et al., 1984) 
and 106 glomeruli in Blaberus crciniifer (Chambille and Rospars, 1985). In male 
cockroaches, a large glomerulus, the macroglomerulus, is situated near the entrance to the 
lobe from the antenna. The macroglomerulus is responsible for the perception of female 
pheromone components, especially periplanone A and periplanone B (Malun et al., 1993). 
The macroglomerulus is formed by the fusion of several ordinary glomeruli during ontogeny 
in P. americana (Boeckh et al., 1984), but is formed from a single glomerulus in B. craniifer 
(Chambille and Rospars, 1985). Only 15 projection neurons leave the macroglomerulus in P. 
americana, giving a ratio of 5000 receptor neurons to one output neuron. Non-pheromone 
odors stimulate neurons that have terminals in other glomeruli than the macroglomerulus 
(Boeckh et al., 1984). It is not known if the increase in the number of sensilla in males is 
directly correlated to the increased size of the macroglomerulus in males, though I suspect 
this is so. 
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The glomeruli of B. craniifer are identifiable in all life stages, and the antennal lobe 
of first instars is organized fundamentally the same as the adult in number of glomeruli 
(around 106) and position of glomeruli relative to one another and to other landmarks. The 
macroglomerulus can be identified in all life stages in both male and female roaches, and 
sexual dimorphism in this glomerulus only becomes apparent at the imaginai molt of the 
male (Chambille and Rospars, 1985). 
Four types of neurons exist within the cockroach antennal lobe. The first type is a 
receptor neuron that receives input from the antenna. The second type are interneurons that 
relay signals within and between individual glomeruli. The third type are the projection 
neurons that leave the antennal lobe to other brain centers. The last type are glial cells, 
which in some cases demarcate the glomeruli (Anton and Romberg, 1999). 
Within a glomerulus, the olfactory receptor neurons are found to have a dyadic (two-
output) connection with projection neurons and other unidentified neurons, proving a direct 
contact between receptor neurons and projection neurons leaving the lobe (Distler and 
Boeckh, 1996). It has also been shown that interneurons receive output from receptor 
neurons. The local interneurons can receive input from olfactory receptor neurons, GABA-
immunoactive neurons, non-GABA-active neurons and other interneurons. Local 
interneurons can output onto these four types neurons, as well as onto projection neurons, 
and most synapses are dyadic (Distler and Boeckh, 1997b). 
Connection of the antennal lobe to the higher brain centers in the cockroach has been 
described. Not more than 250 neurons connect the deutocerebrum and the protocerebrum, 
including descending neurons from the protocerebrum (Boeckh et al., 1984). Two main roots 
leave the deutocerebrum carrying five fiber tracts. The ventral root carries, from medial to 
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lateral, the inner antenno-cerebral tract (IACT) and antenno-cerebral tracts II and III (ACT II 
and ACT III). Lateral to the ventral root is the dorsal root, which carries, again medial to 
lateral, ACT IV and the outer antenno-cerebral tract (OACT). IACT includes, but is not 
limited to, fibers from the macroglomerulus. Different fibers in the IACT that do originate 
from the macroglomerulus have been found to differ in their sensitivity to pheromones, 
indicating that they are stimulated by pheromone-component-selective neurons. The IACT 
neurons are uniglomerular and the tract sends numerous processes into the mushroom body 
calyces (the cockroach has two in each hemisphere) and continues on to the lateral 
protocerebrum. ACT II is similar to IACT in that its neurons are uniglomerular. but it does 
not contain any neurons originating in the macroglomerulus and innervates primarily the 
dorsal portion of the antennal lobe. It runs to the mushroom body calyces and the lateral 
protocerebrum much in the same way as IACT. ACT HI contains fewer fibers than IACT or 
ACT II, and follows the route of ACT II. ACT III could not be selectively stained in the 
study reviewed, and therefore has an as-yet-unknown form in the deutocerebrum. ACT IV 
neurons are multiglomerular, innervating up to, and possibly more than. 74 glomeruli each. 
The tract follows the previously described tracts, however it only sends two projections into 
the mushroom body calyces, having most of its terminals in the lateral protocerebrum. The 
OACT neurons are multiglomerular, but do not innervate ventral glomeruli. When the 
neurons are seen to innervate the macroglomerulus, which not all neurons in this tract do, 
they only innervate certain parts, rather than throughout which is seen in other glomeruli. 
The OACT bypasses the mushroom body calyces entirely and innervates the lateral 
protocerebrum exclusively (Malun et al., 1993). 
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Insect Higher Brain Centers 
The mushroom bodies of insects are located in the protocerebrum. They are divided 
into four main areas: the calyx, the pedunculus and the a and P lobes. The calyx and 
pedunculus serve as input areas and the lobes as output areas communicating with other brain 
centers. Neurons from other brain centers (e.g. the antennal lobes) entering the calyces are 
thought to synapse with Kenyon cells. Kenyon cell axons run through the pedunculus and 
lobes, and can be divided into a number of subgroups. Kenyon cells terminate within the 
pedunculus and lobes, synapsing with output neurons that project into other areas of the 
protocerebrum to premotor neurons. The premotor neurons control thoracic motor centers 
(Okada et al., 1999 and references therein). 
Three units of neurons in the mushroom bodies may be described based on current 
evidence: sensory, movement related and sensori-motor. Many of the neurons examined 
exhibited movement-related activities. Therefore it is proposed that the mushroom bodies 
integrate sensory signals to coordinate motor activities as well as memory functions (Okada 
et al., 1999). Insects with physically, chemically or genetically ablated mushroom bodies 
show behavioral defects in olfactory learning, courtship behavior, locomotor activity (Okada 
et al., 1999 and references therein) and classical conditioning using olfactory cues and 
electrical shock stimuli (DeBelle and Heisenberg, 1994). 
Olfactory Receptors and Signal Transduction in the Receptor Neuron 
There are strong morphological similarities at the cellular level in the sensory organs 
of such invertebrates as flies, lobsters, and nematodes. In each case, the sensory neuron 
involved is a bipolar neuron possessing membrane-bound seven transmembrane domain G-
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protein coupled chemoreceptors (Krieger and Breer, 1999). The most complete work done 
so far is on the nematode Caenorhabditis elegans. 
C. elegans has only 14 types of sensory neurons, and a hermaphrodite individual has 
exactly 302 neurons, 32 of which are chemosensory (Troemel et al., 1995). Its genome, 
however, contains up to 1000 genes for G-protein coupled receptors, about 500 of which are 
predicted to be chemoreceptors (Bargmann, 1998). This indicates, and has been supported 
by experiment, that several genes may be expressed by each neuron type, and possibly by 
individual neurons (Troemel et al., 1995). As of 1996, only the ODR-IO receptor protein, 
coded for by the odr-10 gene, has been conclusively linked to olfaction in C. elegans. odr-
10 null mutants are deficient in their response to the attractant odorant diacetyl, but not 
pyrazine, both of which are detected by the same neuron (Sengupta et ai., 1996). This 
indicates that at least two chemoreceptors are expressed in the same neuron, each coded for 
by different genes, odr-10 expression is regulated by a transcription factor coded for by the 
odr-7 gene (Sengupta et al., 1996). 
In C. elegans, there are three types of neurons, AW A, AWB and AWC. AW A and 
AWC neurons mediate attractive response to volatile odorants, while AWB mediates the 
deterrent response. The odr-10 gene is highly expressed in AW A, but not in AWB. When 
odr-10 is transgenically expressed in AWB neurons and not expressed in AW A neurons, the 
nematodes respond to diacetyl with a repellent response rather than the usual attractant 
response. Expressing odr-10 in both types of cells leads to a defective response, possibly due 
to conflicting inputs (Troemel et al., 1997). This indicates that the nature of the response is 
due to the neuron stimulated rather than the receptor protein or the odorant involved. 
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The vinegar fly Drosophila melanogaster has around 1200 olfactory neurons in the 
antenna and 120 in the maxillary palp. A family of seven transmembrane G-protein-coupled 
receptors, named the dor (Drosophila odorant receptor) family, has been identified in 
Drosophila and is encoded by 100 — 200 genes. In situ studies found the dor family to be 
restricted to sensory neurons of the third antennal annulus and in the maxillary palp, with 
each individual neuron expressing only one or a small number of genes. The dor gene family 
has essentially no sequence similarity to the odr genes in C. elegans (Vosshall et al., 1999). 
Odorant binding proteins (OBPs) have been identified in the sensillum lymph of 
vertebrate and arthropod chemosensory systems, where they are secreted by nonneuronal 
support cells into sensillum lymph (Kim et al., 1998) and bind directly to odorant molecules 
(Vogt and Riddiford, 1981; Kim et al., 1998 and references cited therein). In insects, they 
are found (as of 1996) only in single-walled sensilla (Steinbrecht, 1996). OBPs may mediate 
the detection of odors by allowing hydrophobic odor compounds to be transported through 
the aqueous sensillum lymph. Because double-walled sensilla do not (as far as is known) 
contain OBPs, it is possible that the spoke-channels facilitate the diffusion of polar 
compounds, which would have less need for binding proteins, while the pore-tubules 
observed in single-walled sensilla are involved in the diffusion of apolar compounds. 
(Steinbrecht, 1996). 
Three classes of OBP may be identified in moths. Different sensilla of the same 
morphological type may contain different OBPs of the same or different classes. Pheromone 
binding proteins (PBPs), the first class, are found exclusively in male moths. They are 
thought to mediate the association of pheromone components with their respective neuronal 
receptors. Two classes, based on amino acid sequence, of general odorant binding proteins 
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(GOBPs) are found in both male and female moths. These are thought to mediate detection 
of odors common to the behavior of both sexes, such as food location (Steinbrecht, 1996). 
OBPs are thought to act as chemosensory filters or even as co-initiators in the signal 
transduction process (Krieger and Breer, 1999). Drosophila mutants with defects in OBP 
gene sequence show abnormal responses to odorants. The OBP family LUSH is normally 
expressed exclusively in a subset of trichoid sensilla on the third annulus of Drosophila. lush 
mutants show an abnormal attraction to toxic concentrations of ethanol, propanol and 
butanol, indicating that LUSH is involved in chemoavoidance behavior (Kim et al., 1998). 
OBPs have little sequence homology between insects and vertebrates, suggesting 
independent evolution (Krieger and Breer, 1999). 
Signal transduction via G-protein-coupled receptors of olfactory cells in insects likely 
uses the inositol 1,4,5-trisphosphate (IP3) second messenger pathway. In the case of a-
adrenergic receptors, epinephrine binds to the membrane-bound receptor to activate a 
guanosine triphosphate-coupled protein (G-protein). When activated, the G-protein activates 
phospholipase C (PLC) to degrade phosphotidylinositol-4,5-bisphosphate to 1,2-
diacylglycerol and IP3. IP3 acts as a second messenger to signal the release of calcium ions 
from the endoplasmic reticulum (Katzung, 1998). The released calcium activates any of 
several calcium-dependent protein kinases, for example calmodulin or protein kinase C, that 
leads to the cellular response (Voet and Voet, 1995). In the case of sensory neurons, the 
cellular response would be an action potential. For several insect species, stimulation of the 
antennae by pheromones causes an increase in IP3 levels (Krieger and Breer, 1999). In 
Drosophila, the gene norpA codes for the PLC protein in the maxillary palp, but not in the 
antenna. The palps of norpA null mutants had a diminished, but not abolished, 
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electrophysiological response to such odorants as propionic acid and ethyl acetate. The fact 
that the response is not abolished indicates that a redundancy exists in receptor coupling, 
meaning that either another PLC gene is expressed in the palps, or another pathway 
altogether, such as cAMP, is also in operation (Riesgo-Escovar et al., 1995). In the 
Drosophila antenna, the gene ether a go-go (eag) codes for a voltage-sensitive K channel 
involved in the cyclic nucleotide (e. g. cAMP) second messenger pathway. Mutations to this 
gene reduced electrophysiological response of Drosophila to propionic acid, ethyl acetate and 
ethyl butyrate (Dubin et al., 1998). 
Hematophagous Insect Repellent Mode of Action 
In common parlance, the term "repellency" connotes a directed avoidance of noxious 
odors, sensations or situations. Testing the scientific validity of such a subjective behavior 
would be insurmountably difficult. It is scientifically possible, however, to measure 
physiological and biochemical occurrences that take place in an insect displaying repellency 
behaviors. In most cases, it has been found that behavior that could be labeled as repellency 
may be the result of any number of physiological or biochemical events. Repellency may be 
best thought of as an effect, not a mode of action. 
For example, it was once thought that the insecticide DDT was repellent to 
mosquitoes because it was observed that mosquitoes exposed to DDT would congregate near 
windows in higher-than expected numbers. In carefully constructed experiments, it was 
found that sublethal concentrations of DDT caused an undirected excitation of the insects 
that in some cases resembled repellency. The experimenters were able to also demonstrate 
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apparent attraction to DDT by changing the test conditions. The behavioral effect of DDT in 
both cases could be explained by the same physiological hypothesis, that of undirected 
excitation (Kennedy, 1946). In another example, mosquito repellency caused by DEET is 
thought to be due to the blocking of lactic acid receptors, abolishing upwind flight, resulting 
in the insect "losing" the host (Davis and Sokolove, 1976). Several formamidines, especially 
chlordimeform, appeared to repel ticks from cattle, and the effect was found to be due to 
post-synaptic adrenergic effects causing the ticks to drop from the host (Haynes, 1988). 
Oleic and linoleic acids have been isolated from the bodies of deceased cockroaches, and 
were indicated in death recognition and death aversion (repellency) in cockroaches. These 
compounds were not found in living cockroaches. The term "necromone" has been proposed 
to describe a compound responsible for this type of behavior (Rollo et al., 1995). 
Repellency may be measured in any of several ways. Some authors, researching 
biting insects, will use "time to first confirmed bite" as an endpoint in determining repellent 
effectiveness (Barnard, 1999). Dethier (1956), however, points out an important 
shortcoming to this approach: the range of protection times is normally distributed, and in 
such a distribution the highest variability exists at the tail ends. It would be better, he says, to 
use the time to median bite (Dethier, 1956). Other authors describe the decrease in time 
spent associated with the compound (Markovic et al., 1996). Some studies use prevention of 
entry into a treated area (Zungoli et al., 1988). The percentage of insects associated with the 
treated area has been used as an end point as well (Appel and Mack, 1989). In this 
dissertation I will use choice-test assays to measure the number of insects in a treated area or 
the amount of time spent in that area. See Chapters 2-5 and the appendix for specific 
details of bioassay methods. 
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The mode of action of insect repellents is unclear. Two repellents, DEET and 2-
ethyl-l,3-hexanediol (Rutgers 612) were examined for effects on the four then-described 
types of sensillar hairs of the yellow fever mosquito, Aedes aegypti. DEET and Rutgers 612 
had no effect on spike frequency of the A1 hairs (long, sharp sensilla trichodea). The A2 
sensilla (blunt-tipped sensilla trichodea) can be further subdivided into three sensilla types 
based on length; short, medium and long. All three A2 types were excited by Rutgers 612, 
but while DEET excited the short and long hairs, it reduced spike frequency in the medium-
length hairs. The A3 hairs, now referred to as grooved-peg sensilla, were excited by Rutgers 
612 and inhibited by DEET. A4 sensilla were inhibited by both DEET and Rutgers 612 
(Davis and Rebert, 1972). The fact that these repellents have different activity to the same 
receptor hairs may mean that several different physiological mechanisms of action may be 
involved for different repellents, though they all yield the same qualitative response. 
In 1956, Dethier made the remark that repellents "must work against host attractants" 
(Dethier, 1956). In other words, repellents must overcome the attractiveness of the host to be 
effective. Current evidence suggests that this is the case with DEET. Electrophysiological 
studies showed that the grooved-peg sensilla (A3 sensilla) were the only sensilla on the 
mosquito antenna sensitive to lactic acid (Davis and Sokolove, 1976). Two types of neurons 
were found to be present in these sensilla, one of which was excited by lactic acid (LAC X) ,  
and one inhibited by it (LA,-n). DEET reduced spontaneous firing in both types of neurons. 
DEET and lactic acid together augmented lactic acid inhibition in the LAj„ neuron, while 
DEET attenuated or reversed the response of lactic acid in the LACX neuron. The overall 
result would be a reduction in nerve impulses, and therefore a reduced ability of the mosquito 
to respond to lactic acid and find the host. The reduction of firing in the neurons was only 
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observed when DEET was present, as spike activity returned to normal after DEET was 
removed. Because an additive effect ofDEET on LAjn neurons was observed, it is unlikely 
that DEET competes with lactic acid for a binding site. If it did compete, the effect would 
not be additive. Its effects are consistent with inhibitory action at another site which affects 
both neuron types. The LAex cells were found to be inhibited by other repellents as well, 
such as Indalone and Rutgers 612 (note that this contradicts the results of Davis and Rebert 
(1972) which state that A3 cells "were always excited by 612") (Davis and Sokolove, 1976). 
It is difficult to determine if the blocking of the lactic acid effect at the A3 sensilla is the sole 
mode of repellent action ofDEET, as neurons in other sensilla (e.g. A2 and A4) were also 
affected by it (Davis and Rebert, 1972). 
A behavioral assay designed to detect repellent action determined that DEET does not 
act as a repellent. DEET tested by itself was attractive to the mosquitoes, as was lactic acid. 
When lactic acid and DEET were applied together in a range of ratios from 9:1 to 1:9, there 
was no significant attraction but no significant repellency either. The authors conclude that 
DEET should not be classified as a repellent, but rather as a "behavioral inhibitor" (Dogan et 
al., 1999). 
Further evidence for the role of lactic acid in host seeking comes from studies 
examining mosquito physiology following a blood meal. Host-seeking behavior in Aedes 
aegypti stops after taking a blood meal. It has been found that following a blood meal, the 
sensitivity of the LACX neuron to lactic acid drops, and this drop is coincident with the 
cessation of host-seeking behavior (Davis, 1984). The reduction of lactic acid sensitivity is 
transfusable in the hemolymph (Davis, 1984), and Klowden et al. (1987) found that fat body 
transplanted from blood-fed mosquitoes to sugar-fed mosquitoes caused a decrease in lactic 
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acid sensitivity in the sugar-fed insects. The stretch receptors are postulated to stimulate the 
ovaries to send a signal to the fat body to produce vitellogenin and at least one other signal in 
a process that takes about 12 hours. Ablation of the ovaries within this time eliminated or 
reduced the degree of host-seeking inhibition. The second ovarian signal stimulates 
neurosecretory cells to produce Aedes aegypti head peptide I (Aea-HP-I). Aea-HP-I may be 
the substance responsible for LAex insensitivity to lactic acid by an as-yet unknown 
mechanism. It takes about 72 hours for inhibition of lactic acid receptors to be complete 
(Klowden, 1996). Lactic acid sensitivity returns to normal after oviposition (Davis, 1984). 
All this serves to support the hypothesis that host seeking behavior may be modified by 
affecting the lactic acid receptor mechanisms of a mosquito. 
While host-seeking is related to lactic acid sensitivity, host-feeding was found to be 
related to serotonin levels. Treatment of adult female Aedes triseriatus with the serotonin 
depleter a-methyl-tryptophan had no effect on host seeking behavior, but significantly 
reduced the number of mosquitoes feeding to repletion and significantly increased the time 
needed to feed to repletion (Novak and Rowley, 1994). 
It is unclear if repellents work by common mechanisms in different invertebrates. 
DEET is effective against many Diptera of medical importance, as well as hematophagous 
Hemiptera, Siphonaptera, Hymenoptera, Acarina and Gnathobdellidae (an annelid), 
suggesting that DEET operates on a fundamental basis common to members of the 
arthropod-annelid evolutionary line (Rutledge et al., 1978, and references cited therein). 
Ticks detect repellents on the tarsi of the first pair of legs (Hal 1er's organ) and insects detect 
the same substances on the antennae. These structures are thought to be serially homologous 
between the two classes. Furthermore, the differences in sensitivity to repellents between 
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different classes, orders and families are differences of degree only; no fundamental 
differences in the type of response are observed (Rutledge et al., 1997). Although virtually 
no sequence homology was found between genes coding for the olfactory receptors of 
Drosophila and C. elegans (Vosshall et al., 1999), it should be noted that the organisms 
mentioned here responsive to DEET belong to a common evolutionary line that diverges 
from that of C. elegans. Brusca and Brusca (1990) group the Nematoda in the 
pseudocoelomates, and the Arthropoda and Annelida with the Protostomes. The ancestral 
line giving rise to the pseudocoelomates diverged from the Bilatera, its common line with the 
Protostomes, much earlier in the Pre-Phanerozoic than the Annelida diverged from the 
Arthropoda (Brusca and Brusca, 1990). Perhaps olfaction is homologous only within the 
arthropod-annelid line, evolving independently in the Nematoda. There is not yet, after all, 
any comparison of olfactory gene sequence among the various arthropods and annelids, and 
there is no record of the response of C. elegans to DEET or other arthropod repellents. 
Different insects differ in their sensitivity to insect repellents. Differences are loosely 
related to the taxonomic distance between the groups compared. Among mosquitoes, 
observed ED50 values for DEET differed by as much as 1.75 times between different strains 
of Aedes aegypti, as much as 3.45 times among species of the same genus (observed in 
Anopheles) and as much as 7 times between different genera; the most sensitive species of 
Ci/lex, Cx. pipiens, is 6.9 times more sensitive than the most tolerant species of Anopheles, 
An. albimctnus. An. quadrimaculalus, however, is not significantly more tolerant than Or. 
tarscilis. Differences in sensitivity were stable over several generations, indicating a genetic 
basis of tolerance (Rutledge et al., 1978). DEET tolerance was found to be incompletely 
dominant (Rutledge et al., 1994). 
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Patterns of sensitivity and tolerance are similar among some chemicals of unrelated 
structure, but some differences exist between the sensitivity to compounds of similar 
structure. Observed non-correlation of structure with activity suggests that repellent 
tolerances, though heritable, may be non-adaptive; i. e. evolved by random drift of 
selectively neutral mutations (Rutledge et al., 1997). Of the repellent compounds tested by 
Rutledge et al. (1997), none occur naturally so adaptive selection would not be possible. 
Such a random drift may be explained by the idea of pleitropy, the concept that individual 
genes that can be selected for may exert multiple, seemingly unrelated phenotypic effects, 
some of which cannot be selected for. In other words, repellent tolerance in some strains of a 
species may be an "accidental" effect caused by the selection of a pleitropic gene. 
Plant Species Examined in the Present Work 
This dissertation will center on the insect repellent activities of two plants, the fruit of 
the osage orange tree, Maclnrci pomifera (Raf.) Schneid (Moraceae), and the perennial herb 
catnip, Nepeia cataria L. (Lamiaceae). 
Osage Orange 
The fruit of the osage orange, Maclura pomifera, has been utilized as an insect 
repellent for many years. Pioneers placed the ripe fruit of this tree in cupboards to repel 
cockroaches and other insects (Sand, 1991; Brandies, 1979). The scientific validity of this 
well-popularized practice has been little studied. Karr and Coats (1991) found that fragments 
of the fruit, as well as its hexane and methanol extracts, were significantly repellent to the 
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German cockroach, Blattellct germanicct. Dichloromethane extracts were repellent to 
Sitophilus zecimais; however repellency decreased as the extracts increased in purity, and 
repellency to osajin and pomiferin, two major isoflavonoid components of osage orange, in 
pure form was not significant (Peterson et al., 2000). 
At this point I would like to comment on the proper capitalization of the common 
name of this plant. The tree is named in honor of the Osage, a tribe of Native Americans 
whose indigenous range was geographically similar to that of the osage orange tree. The 
Council of Biology Editors' (CBE) Scientific Style and Format (Huth et al., 1994) states that 
"an eponymic adjective should be capitalized when the phrase is used in a context directly 
and specifically concerned with the original historic and cultural meaning of the phrase and 
lowercased when the phrase is used in contexts not directly concerned with those origins. . ." 
In this situation, I would write "osage orange," but I would write "Osage language" if 
discussing linguistics. The extant literature is inconsistent, owing to the rules of individual 
publishers. Most journals, both scientific and popular, incorrectly capitalize the term (for 
example Smith and Perino, 1981; Delle Monache et al., 1994; Sand, 1991), while some (Karr 
and Coats, 1991; Wolfrom et al., 1965) use the term correctly, and a few hyphenate it, either 
capitalized (McDaniel, 1972) or not (King and Morehart, 1988). Throughout the bulk of this 
dissertation, I will use the capitalization rule defined by the CBE style manual as mentioned 
in this paragraph. When I do otherwise, it will be at the request of the editors of the 
publishing journal. All this being said, I will capitalize the eponymic adjectives in "German 
cockroach" and "American cockroach" because they are capitalized in their official common 
names established by the Entomological Society of America (Bosik, 1997). 
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Catnip 
Catnip, Nepeta cataria L., has been noted for many years for its intoxicating effect on 
cats. Nepetalactone (5,6,7,7a-tetrahydro-4,7-dimethylcyclopenta[e]pyran-l-(4aH)-one) has 
been isolated as the active component of catnip (McElvain et al., 1941). Two isomers of 
nepetalactone are present in the plant's essential oil: cis-trans and trans-cis, with cis-trans 
nepetalactone predominating (Fig. 2) (Bates and Sigel, 1963). Modern nomenclature denotes 
the cis-trans isomer as Z,E and the trans-cis isomer as E,Z. Catnip has folk uses as an insect 
repellent, some of which have been confirmed scientifically. Hot water extracts of catnip 
deterred flea beetles in one study, and fresh catnip repelled black ants (Riotte, 1975), and it 
was found to be repellent to members of 13 families of insects (Eisner, 1964). It is also an 
important component of the defensive secretions of the coconut stick insect (Smith et al., 
1979) and the lubber grasshopper (Snook et al., 1993). 
Z.E- nepetalactone E.Z- nepetalactone 
Figure 2. Structures of nepetalactone isomers from catnip. 
Statement of Objectives 
This dissertation proposes the use of naturally-occurring compounds from plants for 
use as insect repellents. I will focus on two plant species in particular, the herb catnip Nepeta 
cataria and the fruit of the osage orange tree Madura pomifera. It is hoped that our 
understanding of insect response to plant compounds will be deepened by the work reported 
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in this dissertation. The current work also demonstrates some of the approaches that may be 
used in a search for a commercial insect repellent product. Specifically, the objectives of this 
dissertation are the following: 
1. Examine the extracts of osage orange and the two major isoflavone components 
of osage orange, osajin and pomiferin, in a behavioral assay of the maize weevil, 
Sitophilus zeamais Motschulsky. 
2. Identify and isolate the components of catnip essential oil and test them for 
repellency against the German cockroach, Blattella germanica (L ). 
3. Identify the volatile components of extracts of the osage orange, and test these 
extracts and components for repellency against the German cockroach. 
4. Examine the essential oil components of catnip and osage orange fruit for 
repellency to adult females of the yellow fever mosquito, Andes aegypti (L.). 
Dissertation Organization 
Each of the above-mentioned objectives will be addressed in paper format throughout 
the dissertation. The current chapter serves as an introduction and a literature review of 
relevant information regarding insect chemoreception, repellency and repellent uses and 
history. I have restricted the discussion of chemoreception to olfactory chemoreception, 
except where a relevant discussion of tactile or gustatory mechanisms is warranted. The first 
paper, which comprises the second chapter of this dissertation, titled "Osajin and pomiferin, 
two isoflavones purified from osage orange fruits, tested for repellency to the maize weevil, 
Sitophilus zeamais (C.oleoptera: Curculionidae)" has been published in Environmental 
Entomology (29: 1133-1137) and addresses Objective 1. Objective 2 is addressed by Chapter 
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3 of this dissertation, titled "Behavioral activity of catnip, Nepeta cataria (Laminaceae), to 
the German cockroach, Blattella germanica (Blattodea: Blattellidae)" and has been formatted 
for submission to the Journal of Economic Entomology. The fourth chapter, titled 
"Identification of components of Osage orange fruit (Maclura pomifera) and their repellency 
to German cockroaches" has been submitted to the Journal of Essential Oil Research for 
publication and satisfies Objective 3. Finally, Chapter 5, "Examination of two essential oils 
as mosquito repellents" is formatted in the style of the Journal of Medical Entomology and 
addresses Objective 4. A short summary will follow Chapter 5. I have included an 
appendix, titled "Two choice-test assays failed to detect repellency in mosquitoes" describing 
the results of attempts to measure the repellency of catnip and osage orange to Culex pipiens 
in a Y-tube olfactometer and Aedes aegypti in a choice-test static-air tunnel. These methods 
failed to detect repellency, and potential reasons for this are discussed. 
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CHAPTER 2. OSAJIN AND POMIFERIN, TWO ISOFLAVONES PURIFIED FROM 
OSAGE ORANGE FRUITS, TESTED FOR REPELLENCY TO THE MAIZE 
WEEVIL, SITOPHILIUS ZEAMAIS (COLEOPTERA: CURCULIONIDAE) 
A paper published in Environmental Entomology 29(2000): 1133-1137 
Chris Peterson, Anne Fristad, Rong Tsao, and Joel R. Coats 
ABSTRACT: The fruit of the osage orange tree, Maclura pomifera (Raf ) Schneid 
(Moraceae), has long been thought to be repellent to insects. A preliminary study reported 
here confirmed repellency of fruit extracts to the maize weevil, Sitophilus zeamais 
Motschulsky. Two isoflavones, osajin and pomiferin, were isolated from the mature fruit of 
M. pomifera in high purity (> 95%). Testing of purified osajin and pomiferin failed to show 
repellency. Repellency is likely due to factors other than isoflavones in the fruit. 
Introduction 
The fruit of the osage orange, Maclura pomifera (Raf.) Schneid (Moraceae), has been utilized 
as an insect repellent for many years. Pioneers placed the ripe fruit of this tree in cupboards to 
repel roaches and other insects (Sand, 1991; Brandies, 1979). Past research indicates that 
there may be scientific justification for this well-popularized use. Karr and Coats (1991) 
found fragments of the fruit, as well as its hexane and methanol extracts, to be significantly 
repellent to the German cockroach Blattella germanica. The wood of the osage orange tree 
resisted termites (Esenther, 1977; Wolcott, 1953, 1955 and 1957) and had antifungal 
properties (Smith and Perino, 1981). Antimicrobial activity has been found in extracts 
containing osajin or pomiferin (Figure 1A) (Mahmoud, 1981), two of the major angular 
isoflavonoid components present in osage orange fruits (Walter et al., 1938; Wolfrom and 
Mahan, 1942). Osage orange fruit was also found to contain small amounts of the linear 
isoflavonoids scandenone and auriculasin, structural isomers of osajin and pomiferin, 
respectively (Fig. IB) (Delle Monache et al., 1994). 
In this study we report repellency from the extracts ofM. pomifera fruit. Because osajin 
and pomiferin are well-known to occur in this fruit, the extraction and purification of osajin 
and pomiferin is reported. The results of an assay that examined the behavioral response of 
the maize weevil 5". zeamais to highly purified (> 95%) osajin and pomiferin are reported as 
well. 
Materials and Methods 
Extraction of Fruits for Preliminary Assay. Mature M pomifera fruit was collected in 
Auburn, Nebraska, USA in October 1995, and stored at -20 °C for 8 mo. For both extraction 
types reported here, the fruits were divided into "rind" and "core" portions. The rind was 
defined as the portion of the fruit from the outer surface inward to the outer perimeter of the 
seed layer. The core was defined as the seed layer and extending inward. After thawing to 
room temperature, the fruit was cut into 250 g rind or 250 g core pieces and placed into 
separate soxhlet extraction apparatuses. For each fruit portion, rind or core, one soxhlet 
apparatus contained 500 ml hexane, another contained 500 ml dichloromethane, and a third 
contained 500 ml methanol. Each apparatus was heated to the boiling point of its respective 
solvent and allowed to cycle for 24 hr. The solvent was collected, filtered to remove 
particulates by using Whatman (Hilsboro, Oregon, USA) G8 glass fiber filters, and passed 
through anhydrous sodium sulfate to remove water. The solvents were removed by rotary 
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evaporation at 500 mm Hg vacuum and 30 °C. Alternatively, 250 g of rind and core pieces 
were placed in 500 ml of either hexane, dichloromethane, or methanol and allowed to soak for 
24 hr. The particulates were removed by vacuum filtration, the water was removed with 
anhydrous sodium sulfate and the solvents were removed by rotary evaporation. The residues 
were re-dissolved in a minimum amount of solvent and used in the bioassays described later in 
this section. The extracts obtained from each method were tested in a preliminary round of 
testing (data not shown). Those extracts obtained by soaking extraction of the cores and rinds 
with hexane, by soxhlet extraction of the rind and core with dichloromethane, and by soxhlet 
extraction of the rind with methanol were retested because they showed potential activity in 
the initial testing. The results of the second round of testing are those reported here. 
Repellency was measured at 0.5, 18 and 24 hr. 
Extraction of Osajin and Pomiferin. After thawing to room temperature, twelve fruits 
were cut into 2-cnf pieces and pressed by hand to obtain the juice, which contained high 
amounts of the components of interest. The collected juice was centrifuged for 30 min. Thin-
layer chromatography detected no osajin or pomiferin in the water layer. The water layer was 
discarded, and the particulates were extracted three times with 200 ml dichloromethane (ACS 
certified grade, Fisher Scientific, Pittsburgh, Pennsylvania, USA). The dichloromethane 
solution was passed through anhydrous sodium sulfate, collected and vacuum filtered. The 
pressed fruit pieces were extracted as well with three 500-ml portions of dichloromethane, 
which was then passed through anhydrous sodium sulfate to remove water and vacuum 
filtered. The collected dichloromethane was combined with the dichloromethane extract of 
the juice. The dichloromethane was removed from the combined extracts via rotary 
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evaporation. The residue was dissolved in acetone and passed through a large (5.5 x 40 cm) 
open silica gel column wet-packed with acetone. Acetone (100%, ACS certified grade. Fisher 
Scientific, Pittsburgh, Pennsylvania, USA) was used as the eluent, and washing continued until 
products were no longer observed in the eluate, as determined by spotting the eluate on thin-
layer chromatography (TLC) plates, using 1:1 hexane:ethyl acetate as a solvent system. 
The acetone was removed by rotary evaporation. The resultant mixture, containing osajin 
and pomiferin, as well as other components, was run through an open silica gel column with 
9:1 hexane:ethyl acetate as an eluent. Fractions were collected in 25-ml portions until the 
fractions containing osajin began to contain pomiferin as well, evidenced by TLC The solvent 
system was then changed to 4:1 hexane:ethyl acetate until the fractions began to contain 
pomiferin only. At that time, the solvent system was changed to 7:3 hexane:ethyl acetate until 
pomiferin was no longer detected in the fractions. Fractions containing a mixture of osajin 
and pomiferin were purified by us either on an identical column, or by preparatory thin-layer 
chromatography in 1:1 hexane:ethyl acetate. The purity of the resulting osajin and pomiferin 
samples was determined by high-pressure liquid chromatography (HPLC). The identities of 
osajin and pomiferin were confirmed by using solid-probe electron-impact mass spectrometry 
(EIMS) and proton nuclear magnetic resonance spectroscopy ('H-NMR). 
Analysis and Identification. The melting range of each isolated compound was 
determined by using a Fisher-Johns Melting Point Apparatus (Pittsburgh, Pennsylvania, USA). 
Infrared spectra (IR) of these compounds were obtained by using a Beckman Acculab 2 
(Fullerton, California, USA). High pressure liquid chromatography was conducted by using a 
Hewlett-Packard Series 1100 HPLC (Palo Alto, California, USA) and a Waters fiBondupak 
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Cis column (Milford, Massachusetts, USA) with a flow rate of 2 ml/min of 1:1 
acetonitrile:water initially and ramped to 100% acetonitrile over 10 min. Peaks were detected 
at 254 nm by using a Kratos Spectraflow 757 variable-wavelength detector (Chestnut Ridge, 
New York, USA). Proton nuclear magnetic resonance spectra (lH-NMR) in deuteroacetone 
and carbon nuclear magnetic resonance spectra (l'C-NMR) in deuterochloroform 
(tetramethylsilane internal standard), were obtained on a Varian VXR-300 NMR (Palo Alto, 
California, USA). A Finnigan TSQ700 mass spectrometer (San Jose, California, USA) was 
used to obtain the mass spectra, with solid probe introduction of the sample, and electron 
impact of 70 eV. 
Behavioral Bioassay of Osajin and Pomiferin. The repellency assay is based on that 
used for German cockroaches by Karr and Coats (1991). Maize weevil (S. zcamais) adults 
from a colony reared in the laboratory for over five years were used. The repellency tests 
were conducted in a choice apparatus, which consisted of two 35-ml jars connected at their 
mouths by transparent plastic tubing (7-cm x 1.5 cm i.d.). For the preliminary test, the residue 
from the extraction process was dissolved in a minimum amount of solvent, and 1 ml was 
applied to a 7-cm filter paper. Appropriate solvent controls were conducted. Highly pure (> 
95%) osajin or pomiferin was diluted in acetone to 50 mg/ml (approximately saturated), then 
serially diluted to 5 and 0.5 mg/ml. One ml of one of these solutions (treated side) or 1 ml of 
acetone (untreated side) was applied to a 7-cm filter paper, and the acetone allowed to 
evaporate in a fume hood before the papers were placed in the choice-jar units. The set-up for 
the control groups was the same but both sides contained papers previously treated with 1 ml 
acetone. Each assay was conducted with 20 insects, starting with 10 per jar. The test had 5 
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replicates. Two series of randomizations were carried out; one for each replicate to determine 
the position of the choice-jar units in relation to one another, and a second to determine for 
each treatment unit the position of the treated side, either to the right or to the left. The 
distribution of the insects, in the treated side, the untreated side, and in the tube connecting 
the two sides was determined at I, 17, 24 and 48 h. Any repellency of the test compounds 
would likely occur on contact because of the compounds' low volatility, therefore the 
assumption was made that the chemical repelled the insects in the connecting tube. The data 
were analyzed by using analysis of variance (ANOVA) to detect significance. The four time 
points were compared to each other by using least significant difference (lsd, a = 0.05). 
Results and Discussion 
Extraction of Fruit and Preliminary Assay. Upon removal of the solvent, 250 g fruit 
pieces yielded: 1.14 g in hexane soaking extraction of the core, 0.77g in hexane soaking 
extraction of the rind, 1.93 g in dichloromethane soxhlet extraction of the core, 1.84 g in 
dichloromethane soxhlet extraction of the rind and 28.0 g in methanol soxhlet extraction of 
the rind. The methanol extraction resulted in a syrup, because starch, sugars and water are 
likely to be soluble in hot methanol. 
Table 1 reports the percentage of weevils repelled from the treated chamber (± SEM). 
ANOVA detected that significance due to extraction method was not found at 0.5 hr, but was 
found at 18 (F= 25.06; df = 4,5; P < 0.002) and 24 hr (F = 9.32; df = 4,5; P < 0.02). In 
cases where significance was observed, the dichloromethane extraction of the rind was the 
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most effective. Because osajin and pomiferin are well known to occur in the extracts of this 
plant, we decided to focus on these two compounds as the potential active ingredients. 
Analysis and Identification. The purity of osajin was found by HPLC to be 94.6%, and 
the purity of pomiferin was 98.2%. 
The melting point range for osajin was observed to be from 186 - 191 °C, and past studies 
report a melting point of 190 - 192 °C (Jain and Sharma, 1974). Scandenone has a reported 
melting point range of 164 - 165 °C (Delle Monache et al., 1994). Pomiferin melted at 172 — 
176 °C, at which temperature a color change occurred and the substance re-solidified. This 
re-solidified substance melted at 204 — 209 °C. The product was recovered from the melting 
point apparatus with acetone, and the solution was run on TLC with 1:1 hexaneiethyl acetate. 
Visualization of the plate with potassium permanganate (0.1 M) spray revealed a spot 
identical in Rf value to the unhealed sample (Rt- = 0.55), and a lower spot that streaked from 
the origin to Rf = 0.30. Pomiferin has a reported melting point of 200.5 "C at maximum 
purity, whereas auriculasin melts at 176 - 178 °C (Delle Monache et al., 1994). 
Infrared spectroscopy of osajin showed peaks at the following frequencies: 3610 cm"1, 
3060 cm"1 1650 cm'1, 1620 cm"1, 1590 cm"1, and 1520 cm"1, 1435 cm'1, 1380 cm'', 1275 cm"1, 
1230 cm'1, and 1180 cm"1. The reported structures of osajin (Wo 1 fro m et al.. 1946) and 
scandenone (Pelter and Stainton, 1966) both contain bonds that may give rise to these 
observed peaks. 
The mass spectra of osajin and pomiferin agreed with that reported by Delle Monache et 
al. (1994). Osajin and its isomer scandenone are indistinguishable from one another by mass 
spectrometry, as are pomiferin and auriculasin. 
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The spectrum of osajin obtained by l~C-NMR in deuterochloroform has peaks 
corresponding to the carbons of osajin, as displayed in Figure 1. These chemical shifts should 
differ from those of Delle Monache et al. (1994), who report chemical shifts in 
deuteroacetone. The spectrum displayed the following peaks: 5 181.14 (C at 4), 5 159.26 (C 
at 5), 5 157.31 (C at 4'), 6 155.98 (C at 7), 5 152.37 (C at 2), 5 150.55 (C at 8a), 5 131.64 (C 
at 3"'), 5 130.34 (C at 2' and 6'), 5 127.17 (C at 3"), Ô 123.57 (C at 3), 5 122.98 (C at I'), 5 
121.90 (C at 2"'), 5 115.70 (C at 3' and 5'), 5 114.94 (C at 4"), 5 112.90 (C at 6), 5 105.58 (C 
at 4a), 5 100.76 (C at 8), 5 77.09 (C at 2"), 5 28.12 (the two 2" methyls), 5 25.80 (frans-3 
methyl), 5 21.30 (C at 1"'), and Ô 17.92 (cis-3'" methyl). See Figure 1 for designation of 
carbon atom positions. Determination of carbon positions was achieved through comparison 
with Delle Monache et al (1994) and published '"'C-NMR spectra from similar compounds 
(Silverstein et al., 1991). 
Delle Monache et al (1994) reported 'H-NMR spectrum for osajin and pomiferin in 
deuteroacetone. Our spectrum of osajin agreed with theirs to within 5 0.03 for all peaks, 
except for 6 8.50, which they report as ô 8.60. This proton is on a hydroxyl group, the 
chemical shift of which can vary more so than other protons. Delle Monache et al. (1994) 
reported diagnostic peaks occurring at 5 8.17 and 3.3 1 for osajin, and at 5 8.26 and 3.41 for 
scandenone. Our spectrum agreed with osajin. Our analysis of pomiferin by 'H-NMR in 
deuteroacetone agreed with theirs to within 5 0.02, except for Ô 8.00, which varied from theirs 
by 5 0.07. As was the case with osajin, this proton occurred on a hydroxyl group. Delle 
Monache et al. (1994) reported diagnostic peaks at 5 8.16 and 3.3 1 for pomiferin, and 5 8.24 
and 3.40 for auriculasin. Our spectrum was consistent with pomiferin. 
70 
Scandenone is present in M pomifera fruit at around 15% of the concentration of osajin, 
and auriculasin is present at 13% of pomiferin's concentration (Delle Monache et al., 1994). 
Though our MS, ER, and L,C-NMR data are not conclusive, the observed melting point, *H-
NMR and the relative abundance in the plant reported in Delle Monache et al. (1994) indicate 
that we have isolated the angular isoflavones osajin and pomiferin by the processes outlined 
here. Small amounts of scandenone and auriculasin are present as minor contaminants, 
evidenced by minute peaks on lH-NMR corresponding to the diagnostic peaks of the linear 
isomers. 
Behavioral Assay of Osajin and Pomiferin. The results of the behavioral assay are 
summarized in Table 2. The data are expressed as the mean percentage of insects repelled 
from the treated chamber (± SEM). ANOVA detected significance due to time for osajin {F = 
7.73; df = 3, 64; P < 0.001) and pomiferin (F - 4.72; df = 3, 64; P < 0.005). Significance due 
to concentration was not seen for osajin or pomiferin, and the interaction between 
concentration and time was not significant for either compound. Although the number of 
insects repelled in one hour was significantly more at 50 than at 0.5 mg osajin/chamber, it was 
not significantly different from the control, as there was no significance due to concentration 
in the model. When significance was seen for a concentration (at a = 0.05) among the various 
time intervals, the number of insects repelled decreased with increasing time in the apparatus. 
Because repellency due to concentration was not significant, we conclude that factors other 
than osajin or pomiferin, unknown to us at this time, affected the distribution of the insects 
within the apparatus. 
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No significant repellency was observed when the weevils were exposed to purified osajin 
and pomiferin. We have thus concluded that neither osajin nor pomiferin is singularly-
responsible for M pomifera repellency to S. zeamais. Many of the constituents in this plant 
are volatile, but were not examined in this study. Volatility is important for repellency over 
large areas, such as in homes or workplaces. Efforts are currently underway in our laboratory 
to identify volatile components from this fruit and to test the repellency of these volatile 
components in behavioral assays. 
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Figure 1. Stmctures of A) osajin (R = H) and pomiferin (R = OH) and B) scandenone (R = 
H) and auriculasin (R = OH). 
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Table 1. Repellency of five osage orange extracts to the maize weevil 
Extraction method % repelled from treated chamber (± SEM) 
0.5 hour 18 hours 24 hour 
Soak: Hexane core 56.0 ± 6.0 41.0 ±3.0 28.0 ±3.0 
Soak: Hexane rind 62.5 ± 12.5 59.5 ± 9.5 41.0 ±3.0 
Soxhlet: Dichloromethane core 40.5 ± 21.5 34.5 ±3.5 72.0 ±3.0 
Soxhlet: Dichloromethane rind 90.5 ± 9.5 97.0 ±3.0 84.5 ±3.5 
Soxhlet: Methanol rind 56.5 ± 12.5 50.0 ± 0.0 59.5 ± 15.5 
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Table 2. Repellency of osajin and pomiferin to the maize weevil 
Compound Dose (mg/chamber) % repelled from treated chamber (± SEM) 
1 hr 17 hr 24 hr 48 hr 
Osajin 50 76 (3.3)' 59 (3.3)' 45 (3 .9)' 47 (4.1)' 
5.0 68 (9.8)' 41 (4.8)" 4^ 00 48 (4.9)'" 
0.5 51 (8.0)' UJ 00 UJ 48 (2.6)' 47 (4.6)'" 
0 (control) 61 (4.8)' 54(11.7)' 42(12.1)' 40 (4.7)' 
Pomiferin 50 76 (7.0)' 55 (7.6)' 53 (4.6)' 58 (11.4)' 
5.0 70 (6.1)' 53 (4.6)' 57 (9.6)' 55 (8.5)' 
0.5 75 (4.2)' 62 (8.5)'" 57 (4.6)" 64 (4.0)'" 
0 (control) 61 (4.8)' 54(11.7)' 42(12.1)' 40 (4.7)' 
Values followed by the same symbol within a row are not significantly different 
according to Isd (a = 0.05). 
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CHAPTER 3. BEHAVIORAL EFFECTS OF CATNIP, NEPETA CAT ARIA 
(LAMIACEAE), TO THE GERMAN COCKROACH, BLATTELLA GERMANICA 
(BLATTODEA: BLATTELLEDAE) 
A paper submitted to the Journal of Economic Entomology 
Chris J. Peterson, Leah T. Nemetz, Leah M. Jones, and Joel R. Coats 
ABSTRACT The essential oil of catnip, Nepeta cataria L. (Lamiaceae), which contains 
two isomers of nepetalactone, E,Z- and Z.-E-nepetalactone, was tested for repellent activity to 
adult male German cockroaches, BlatteIJagermanica (L.) (Blattodea: Blattellidae), in a 
choice-test arena. The two isomers of nepetalactone were purified by using preparative thin-
layer chromatography and tested for behavioral activity in the choice-test arena. Significant 
differences due to concentration were detected by ANOVA, and the responses were 
compared by least-squared means analysis. The activities of the essential oil and purified 
isomers were compared to MN-diethyl-S-methylbenzamide (DEET) by a paired t-test. E,Z-
Nepetalactone was the most active of the compounds tested, being significantly more active 
to this species than equivalent doses of DEET, the essential oil or Z,£-nepetalactone. 
Antennectomized insects were indifferent to concentrations which were active against intact 
insects. 
KEYWORDS Catnip, repellent, nepetalactone, Blaitella germanica. 
Catnip, Nepeta cataria L. (Lamiaceae), is most famous for its intoxicating effects on cats. 
The essential oil of catnip has been found to contain the monoterpene-derived iridodial 
compound nepetalactone (5,6,7,7c/-tetrahydro-4,7-dimethylcyclopenta[c!]pyran-l-(4r/H)-one) 
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(McElvain et al. 1941), which exists in the plant as two isomers, Z,E- and E,Z-nepetalactone 
(Figure 1) (Bates and Sigel, 1963). Catnip has folk uses as an insect repellent, and some uses 
have been confirmed scientifically. Hot water extracts of catnip deterred flea beetles in one 
study, and fresh catnip repelled black ants (Riotte 1975). It was found to be repellent to 
members of thirteen families of insects (Eisner 1964). Nepetalactone is an important 
component of the defensive secretions of the coconut stick insect (Smith et al. 1979) and the 
lubber grasshopper (Snook et al. 1993). Essential oils and individual monoterpenoids from 
other plants have been shown to repel German cockroaches (Inazuka 1982, Inazuka 1983, 
Karr and Coats 1988, Coats et al. 1991), as have other plant extracts (Scheffler and 
Dombrowski 1992) and plant products (Appel and Mack 1989). Nepetalactone and 
nepetalactol have been found, in various ratios, in the sex pheromones of aphids (Pickett et 
al., 1992). 
In the current study, we describe the isolation and purification of the two isomers of 
nepetalactone, and their behavioral effects against the German cockroach, Blatfellci 
germanica (L.) (Blattodea: Blattellidae). Ethanol and ethyl ether extracts of catnip were 
previously reported as being repellent to this species, but there was no mention of the activity 
of the isomers (Bodenstein and Fales, 1976). We compared the activity of the catnip 
essential oil and the two individual isomers against /V,vV-diethyl-3-methylbenzamide (DEET, 
formerly Ar,Ar-diethyl-m-toluamide). First synthesized in the early 1950s (McCabe et al., 
1954), worldwide usage of DEET exceeded 200,000,000 persons in 1980 (U.S. EPA, 1980). 
DEET can occasionally have severe adverse effects on mammals (Qiu et al. 1998, Roland et 
al. 1985, Miller 1982, Snyder et al. 1986). We tested the effect of antennectomy on the 
behavioral response of B. germanica to doses active to intact insects. 
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Materials and Methods 
Plant Collection and Steam Distillation. The aerial portions of N. cataria plants were 
collected from unsprayed areas of the Iowa State University campus, Ames, Iowa, as needed 
during the growing season. Plants not distilled immediately were frozen at -80 °C until 
needed for steam distillation. Plant leaves and stems were cut by using scissors, were placed 
into a 5-liter three-necked boiling flask, and were steam distilled according to the method of 
Pavia et al. (1988). The collected distillate was washed three times with one volume each of 
hexane. The hexane was removed by using rotary evaporation at 500 mm Hg vacuum at 25 
°C. 
Extract Analysis. A portion of the liquid obtained from rotary evaporation was diluted to 
1 (0.1/ml with hexane and subjected to chromatographic analysis. Gas chromatographic 
analyses were conducted on a Varian 3700 gas chromatograph (Palo Alto, CA) with a two-
meter packed OV-lOl column, a nitrogen carrier, an FID-detector, an injection temperature 
of 250 °C, an injection volume of 1.5 ji.1, and with an initial column temperature of 70 °C 
ramped at 5 °C/min to 150 °C and held for 8 minutes. High performance liquid 
chromatography (HPLC) was conducted by using a Hewlett-Packard 1100 HPLC with a 
Pirkle Covalent Phenylglycine hi-chrom preparative column (25 cm X 10 mm I D., 5 micron 
S5NH Modified Shereosorb), with a mobile phase of 9:1 hexane:ethyl acetate at 2.5 ml/min 
flow rate, and detection by using a Spectroflow 757 UV-detector at 254 nm. 
Separation of Nepetalactone Isomers. The two isomers of nepetalactone were separated 
by using silica gel preparative thin-layer chromatography plates (Whatman 20 X 20 cm, 
1000-^im thickness) with a solvent system of 19:1 hexane:ethyl ether. The plates were run 
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seven times, allowing the plates to dry completely between runs. The products were 
visualized under 254 nm UV light, and the silica gel was scraped off the plates and washed 
with three washings of ethyl ether. The ether was removed by rotary evaporation, and the 
purity of the isomers assessed by using HPLC. 
Instrumental Analysis of Isomers. Gas chro matograp hy/mas s spectroscopy of the 
nepetalactone isomers was conducted on a Van an 3400 gas chromatography with a DB-5ms 
nonpolar 30-m capillary column (0.25 mm ID). The gas chromatograph was coupled to a 
Finnigan TSQ 700 triple quadrupolemass spectrometer (San Jose, CA), with an electron 
impact of 70 eV. 
Cockroach Bioassay. Adult male B. germanica were obtained from a colony reared in 
our laboratory for several years. The catnip essential oil and the nepetalactone isomers were 
dissolved in hexane, and DEET (Aldrich Chemical Co., Milwaukee, WI) was dissolved in 
acetone. A 12.5-cm round filter paper was cut in half. One side was treated with 1 ml of the 
test compound solution, and the other side was treated with solvent alone. The papers were 
allowed to dry for approximately two minutes before being placed in a 15-cm petri dish 
arena. The position of the treated side (to the right or to the left) was randomized by using a 
random number table. The top of the petri dish had a hole cut in the center for introduction 
of the insect directly into the center of the arena. One insect at a time was introduced, and 
each insect was used once and discarded. The hole was stopped by using a small piece of 
tape to prevent escape of the insects. Immediately after the introduction of the insect, the 
number of seconds it spent on the treated or untreated side in a total of 300 seconds (five 
minutes) was timed with two stopwatches. Percentage repellency values were calculated by 
subtracting the number of seconds spent on the treated side from the number spent on the 
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untreated side, dividing that value by the total number of seconds for each trial (here equal to 
300), then multiplying by 100 to get a percentage repellency value. Each test was replicated 
10 times. 
For the tests that used antennectomized cockroaches, a razor blade was used to remove the 
cockroach's antennae as close to the head as possible. The cockroaches were allowed to 
recover from the procedure for 24 hours before being exposed to the test compounds in the 
bioassay described in the preceding paragraph. 
Significance due to concentration was determined by using ANOVA, and means for each 
dose were compared by least squared means analysis on SAS (SAS Institute 1991). 
Comparisons between compounds were made by using a paired t-test. 
Results & Discussion 
The catnip essential oil was found, by using gas chromatography, to contain Z,E-
nepetalactone and £T,Z-nepetalactone in a 6:1 ratio, or roughly 85% to 15%. Bates and Sigel 
(1963) reported a ratio of 3:1 Z ^ -nepetalactone to £",Z-nepetalactone, or 75% to 25%. These 
isomers together comprised over 98% of the steam distillate, and minor components were not 
identified. 
Mass spectral analysis of the isomers revealed that the two isomers are indistinguishable 
by mass spectrometry, as would be expected. Z,£-NepetaIactone eluted off the column at 
2.26 minutes, and showed ions at: ni: 166 [M~] (100%), m z 123 (78.5%), m z 109 (46.3%), 
m/z 95 (58.8%), m/z 81 (62.2%) and m/z 69 (46.7%). £",Z-NepetaIactone eluted off the 
column at 2.67 minutes and had the following mass spectrum: m/z 166 [M~] (100%), m/z 123 
(99.9%), m/z 109 (5 1.8%), m/z 95 (66.6 %), m/z 81 (67.0%) and m/z 69 (50.2%). 
The percentage repellency values are reported in Table 1. Significance due to 
concentration was observed by two-tailed ANOVA for DEET (F= 4.83; df = 5,  54; P = 
0.001),  Z,£-nepetalactone (F= 20.00; df = 4,  45; P = 0.0001) and &Z-nepetalactone (F = 
41.08; df = 2, 27; P = 0.0001). Significance due to concentration was not seen for the catnip 
essential oil at the 0.05 two-tailed significance level, but was seen at the 0.1 significance 
level (F = 3.44; df= 3, 36; P = 0.0267). All DEET concentrations tested below 1600 ng/cm2 
were not significantly different from the control by least squared means analysis (a = 0.05). 
Catnip essential oil was significantly different from the control at a dose of 800 gg/cm2. Z,£-
nepetalactone was significantly different from the control at doses of 160 ng/cm2 and higher. 
And &Z-nepetalactone was significantly different from the control at all doses tested (down 
to 16 ng/cm2). 
Paired t-test comparisons (a = 0.05, df = 9) between the different compounds at equivalent 
doses were made and are reported in Table 2. Catnip essential oil differed from DEET only 
at 800 jj.g/cm2, and did not differ at lower doses. Z,£"-Nepetalactone differed from equivalent 
doses of DEET above 80 (j.g/cm2, and £,Z-nepetalactone differed from DEET at all 
concentrations tested, down to 16 (.ig/cm2. Z,i>Nepetalactone, which comprised about 85% 
of the essential oil, did not differ from the catnip essential oil at any of the concentrations 
tested. E,Z-Nepetalactone was more active than the catnip essential oil at 80 pg/cm2. Both 
Z,E- and £,Z-nepetalactone were compared at 80 and 16 ng/cm"\ and it was found that £,Z-
nepetalactone was significantly more active than the Z,E- isomer at both concentrations. 
Antennectomy of adult male cockroaches resulted in a diminished response to the test 
compounds (paired t-test, a = 0.05, df = 9) (Table 3). In the three comparisons, the 
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antennectomized insects were indifferent to the test compounds, indicating that the 
chemoreceptors involved in this behavioral response are probably located on the antennae. 
The results presented here indicate that catnip essential oil and the isomers of 
nepetalactone cause German cockroaches to spend less time in treated areas. These 
compounds may useful in the development of exclusion barriers to prevent entry of insects 
into sensitive areas; e.g. kitchens, children's nurseries, and hospital rooms. Using such 
compounds in shipping containers may reduce the incidence of accidental pest introduction 
to novel areas. The fact that these compounds are volatile and the response was olfactory 
(rather than contact) may be important in providing protection over a large area, because the 
insects will not have to come in contact with the treated surfaces. Volatility, however, may 
shorten the effective time, due to loss of the compounds into the air. This problem may be 
alleviated by special formulations, such as microincapsuiation, to reduce volatile loss. Using 
these compounds as part of a "push-pull" system, repelling the insects out of one area and 
luring into an attract-and-kill system in another, may also be possible. 
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Z.E- nepetalactone E.Z- nepetalactone 
Figure 1. Structures of nepetalactone isomers from catnip. 
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Table 1. Percentage repellency values of male B. germanica (average of ten 
replicates). 
Test Solution Dose (p.g/cm2) Percentage Repellency'"1 
DEET 1600 58.3 b 
800 25.8 a 
160 20.4 a 
80 15.5 a 
16 15.4 a 
0 5.2 a 
Catnip 
Essential Oil 800 55.6 b 
160 27.7 ab 
80 33.7 ab 
0 2.9 a 
Z,E-
Nepetalactone 800 68.2 b 
160 56.8 b 
80 15.4 a 
16 16.1 a 
0 2.9 a 
f.z-
Nepetalactone 80 79.4 c 
16 46.4 b 
0 2.9 a 
Hexane 
Control 0 2.9 
Acetone 
Control 0 5.2 
For each compound, percentage repellency values followed by the same letter are not 
significantly different by least squared means analysis (a = 0.05). 
"Percentage repellency = [(# seconds on untreated side - # seconds on treated 
side)/300]xl00 
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Table 2. Paired t-test comparisons of equivalent doses of test compounds. 
Dose Calculated 
(l_ig/cm2) Comparison vs. t-value 
800 DEET CNEO 2.29* 
DEET Z,E 3.88* 
CNEO ZE 1.75 
160 DEET CNEO 0.41 
DEET ZE 4.41* 
CNEO Z.C 1.91 
80 DEET CNEO 0.88 
DEET Z,E 0.01 
DEET E.Z 7.82* 
CNEO Z.E -0.88 
CNEO C.Z 2.99* 
Z.E E.Z 7.87* 
16 DEET Z.E 0.10 
DEET E.Z 2.60* 
Z.E E.Z 2 50* 
* Difference is significant by two-tailed paired t-test at a - 0.05, df = 9. 
CNEO = Catnip essential oil. 
Z,E = Z.is-Nepetalactone. 
E,Z = iT.Z-Nepetalactone. 
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Table 3. Percentage repellency of antennectomized male cockroaches, and paired t-
test comparison with non-antennectomized male cockroaches tested at the same 
concentration. 
Treatment (|j.g/cm~) 
1600 DEET Antennectomized 
1600 DEET Non-antennectomized 
Percentage 
Repellency 
2.0 
58.3 
Calculated 
t-value 
3.03' 
160 Z.iT-Nepetalactone Antennectomized 
160 Z.iT-Nepetalactone Non-antennectomized 
80 iT.Z-Nepetalactone Antennectomized 
80 is.Z-Nepetalactone Non-antennectomized 
20.0 
56.8 
- 1 . 3  
79.4 
3.40" 
7.84" 
* Difference is significant by two-tailed paired t-test at a. = 0.05, df = 9. 
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CHAPTER 4. IDENTIFICATION OF COMPONENTS OF OSAGE ORANGE 
FRUIT (MACLURA POMIFERA) AND THEIR REPELLENCY TO GERMAN 
COCKROACHES 
A paper accepted for publication in The Journal of Essential Oil Research 
Chris Peterson, Jun-wei Zhu and Joel R. Coats' 
ABSTRACT: The fruit of the Osage orange tree (Maclura pomifera (Raf.) Schnied.) 
was extracted by using several methods: solid phase microextraction (SPME) volatile 
trapping in the headspace, solvent extraction with hexane, soxhlet extraction with hexane 
or methylene chloride and steam distillation. The extracts from each technique were 
subjected to gas chromatography and mass spectroscopy (GC/MS) to compare extract 
components. Ripe and unripe fruits were compared by using SPME. Several compounds 
of terpenoid structure, mostly sesquiterpenoids, were determined as present in the 
extracts. Among these were elemol/hedycaryol. a-copaene, a-cubebene, 5-cadinene, (3-
elemene, /?-caryophyllene, a-ylangene/valencene, (Z,£)-farnesol and hexyl hexanoate. 
The behavioral response of German cockroaches (Blattella germanica (L.)) to the 
extracts was examined in a choice arena, and the extracts were found to be repellent. 
Individual compounds, including the isoflavones osajin and pomiferin, were purchased or 
isolated and tested directly, and several compounds were repellent to the cockroaches. 
•Address for correspondence 
Received November 4. 2000 
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KEY WORD INDEX: Maclurapomifera, Moraceae, Osage orange, essential oil 
composition, elemo 1/hedycaryo 1, a-cubebene, y-cadinene, (3-elemene, (Z.£)-farnesol, 
hexyl hexanoate, osajin, pomiferin, Blattella germanica, cockroach repellency. 
INTRODUCTION: The fruit of the Osage orange, Madura pomifera (Raf.) Schneid 
(Moraceae), has been utilized as an insect repellent for many years. Settlers in the 
American West placed the ripe fruit of this tree in cupboards to repel cockroaches and 
other insects ( 1—2). The scientific validity of this well-popularized practice has been little 
studied. Karr and Coats (3) found fragments of the fruit, as well as its hexane and 
methanol extracts, to be significantly repellent to the German cockroach, Blattella 
germanica (L.). The maize weevil. Sitophi lu s zeam ais Motschulsky, was also repelled by 
dichloromethane extracts, but repellency in response to osajin and pomiferin, two major 
isoflavonoid components of Osage orange, was not significant (4). Previous studies have 
focused on isoflavonoid (osajin and pomiferin) (5) or lectin (6) components. This is the 
first report of essential oil constituents of this fruit. 
EXPERIMENTAL: Unripe fruits of M. pomifera were collected from a hedge in 
August 1999 located on state-owned land in Boone County, Iowa, USA. Ripe fruits were 
collected from the ground at the same hedge in October 1999. 
Solid-Phase Microextraction—To identify volatiles released from Osage orange, we 
selected both ripe and unripe fruits and placed them into separate 1-liter glass containers. 
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Headspace volatiles were collected at room temperature by using solid-phase 
microextraction (SPME). The SPME fiber, which contained a polymer fiber coated with 
100 jam of polydimethylsiloxane (Supelco, Bellefonte, PA, USA), was pre-conditioned 
for 2 hr at 250 °C before volatile collection. The fiber was exposed to the volatiles 
through a septum in the glass container. The glass jar was supplied with charcoal-filtered 
air at a flow rate of 50 mL/min. The fiber was exposed to the volatiles for 0.5-2 hr, then 
immediately inserted into the thermal desorption injector of a gas chromatograph-mass 
spectrometer (GC/MS). 
Soxhlet Extraction—One ripe fruit was cut into 2-cm3 pieces and placed into a soxhlet 
apparatus. The apparatus was charged with 500 mL methylene chloride. Another 
apparatus charged with 500 mL hexane was used for a second fruit. The soxhlets were 
heated to the boiling point of the respective solvents and allowed to cycle for 24 hr. 
Particulates were removed from the solution by vacuum filtration, and the water was 
removed by gravity filtration with anhydrous sodium sulfate. The collected extract was 
tested without further purification or concentration. 
Soaking Extraction—One ripe fruit was ground by using a hand-powered meat grinder 
and soaked for 24 hr in 500 mL hexane. Another fruit was cut into 2-cm3 pieces and 
soaked for 24 hr in 500 mL hexane. Particulates were removed from the extracts by 
vacuum filtration, and the water was removed by gravity filtration with anhydrous 
sodium sulfate. The collected extract was tested without further purification or 
concentration. 
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Steam Distillation—Seven ripe fruits were ground by using a hand-powered meat grinder 
and placed in a 5000-mL three-necked boiling flask. The hydrodistillation method 
followed that ofPavia et al. (7). Boiling continued until 500 mL of condensate was 
collected. The collected water was washed twice with 250 mL hexane, and the combined 
hexane washings were passed through anhydrous sodium sulfate to remove water. The 
hexane washing was tested without further purification or concentration. 
The GC/MS system was composed of a Hewlett Packard 5890 Series II gas 
chromatograph equipped with a DB-5 column (30 m x 0.25 mm, J & W Scientific, 
Folsom, CA, USA) and a Hewlett Packard 5972 Mass Selective Detector Helium was 
used as the carrier gas at a flow rate of 30 mL/min. The injector temperature was 250 °C, 
and the column temperature was initially 40 °C for 1 min following the injection, then 
ramped to 250 °C at a rate of 15 °C/min. Mass spectra were recorded from 30 - 550 
a.m.u. after electronic impact ionization at 70 eV. 
Chemical identifications were made by comparing the mass spectra and retention 
times of reference standards with observed spectra, or by using a Wiley 13SK mass 
spectral database (8). Technical grade (48%) elemol was purchased from Augustus Oils 
LTD (Borden, Hampshire, UK); hexyl hexanoate (97%), farnesol (mixture of isomers, 
95%), a-copaene (95%) and a-cubebene (98%) were purchased from Sigma-Aldrich-
Fluka (St. Louis, MO, USA); and osajin was purified to 95% and pomiferin purified to 
98% by the method of Peterson et al. (4). Technical grade elemol was found by GC/MS 
to contain elemol/hedycaryol (48%), 5-cadinene (8%), geraniol (6.5%), P-elemol (5%) 
and numerous other components comprising less than 4% each. 
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Repellency to B. germanica was tested in a petri dish containing two halves of a piece 
of filter paper (12.5 cm diameter); one side treated with the test solution, and the other 
side treated with solvent alone. Solvents were allowed to evaporate for 2 min in a fume 
hood before introduction of the insect. One insect was introduced centrally, and the total 
number of seconds spent on either the treated or untreated side in 5 min (300 sec) was 
recorded by using two stop watches. The tests were run in 10 replicates, and the position 
of the treated side (to the right or left) of the dish was randomized by using a random-
number table. 
RESULTS AND DISCUSSION: Table I provides a summary of the compounds 
identified by headspace volatile trapping with SPME. Most of the compounds identified 
were green volatiles or sesquiterpenoids. The most notable difference between the unripe 
and ripe fruits was the increase in hexyl hexanoate in the ripe fruit. y-Cadinene and a-
cubebene were the most abundant sesquiterpenoids. Volatile components, such as those 
detected by SPME, would be the most likely to contribute to repellency of the fruits. 
The steam distillation method provided more components than the other solvent-
extraction methods (Table II). (Z.£)-Farnesol was the most abundant compound in each 
of the extracts, except for the hexane soxhlet extraction. Elemol and/or hedycaryol were 
consistently detected in all methods, as they were in the SPME analysis. We confirmed 
by GC/MS analysis that both compounds are present in the extracts, and that both elute 
off the column at similar times. Chopping or grinding the fruits did not affect extract 
composition, indicating that the release of volatiles did not depend on damage to the plant 
tissues. The composition of the soaking extracts did not vary greatly from the soxhlet 
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extractions, despite the fact that the latter extractions were heated and the former were 
not. The use of methylene chloride instead of hexane did not appear to affect the extract 
composition. 
The behavioral responses of the cockroaches to extracts and compounds are 
summarized in Table HL The results are expressed in seconds spent on each side of the 
petri dish, and significance was determined by using a paired t-test to compare the treated 
side to the untreated side. Percentage repellency was calculated by subtracting the 
number of seconds spent on the treated side from the number of seconds spent on the 
untreated side, dividing that value by 300 then converting to a percentage. All of the fruit 
extracts were repellent to the German cockroaches at the doses tested. Because the 
extracts are a mixture of compounds, and we were not able to obtain reference standards 
for many of them, it was not possible to quantify the doses of the compounds in the 
extracts. The insects were indifferent to hexyl hexanoate at concentrations of 160 
|j.g/cm2, although it was previously shown to be attractive to German cockroaches at 
concentrations of 25.5 to 2550 jig/cm2 (9). Pomiferin and a-copaene were not repellent. 
Farnesol, a-cubebene and technical grade elemol were repellent at the doses tested. 
Cubebene has been identified as a minor component of Cleome monophylla extracts, 
which were repellent to the livestock tick Rhipicephalus appendiculalus and the maize 
weevil Sitophihis zeamais (10). Osajin, an isoflavone known to be present in the 
methylene chloride soxhlet extracts (4), was repellent to the German cockroaches in this 
study, though it was not repellent to S. zeamais in a previous study (4). At this point, it is 
not warranted to assume that the extracts were more repellent than the compounds, 
because dose comparisons have not been made. If the effect of the mixture is additive, 
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the tested dosage of a single compound may be less that the sum of the components of the 
extracts in total, and the extracts and compounds may still have equivalent activity on a 
mole-per-mole basis. 
This is the first study to identify terpene components of the Osage orange. 
Confirmation of the use of the fruits themselves as insect repellents was not the intent of 
this study, nor was this study designed to evaluate such effects. It is hoped that this study 
may provide leads for potential pest management compounds. The uses of insect 
repellents are, we believe, under-exploited at this time. Using repellents to provide 
barrier strips to exclude insects from sensitive areas (food preparation and storage areas, 
hospital rooms, etc) may be one important and novel application of this technology. 
Repellents may also be used in shipping to prevent accidental pest introductions to new 
areas is another. Commercial extraction of Osage orange fruits for essential oil 
components is most likely impractical, due to the low amount of essential oil present. 
Work is currently underway to isolate more components of the Osage orange and to test 
them singly and in combination to evaluate repellency. 
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Table I. Percentage composition of the headspace volatile constituents of the Osage 
orange by using SPME. 
Number Compound Unripe (cut) Unripe ("intact) Ripe 
1 Butyl butyrate - - 0.3 
2 Hexyl acetate - - tr 
3 1,8-Cineole - - tr 
4 Butyl hexanoate 1.1 - 8.0 
5 Octyl acetate - - 0.3 
6 Isoamyl hexanoate tr - 0.7 
7 Amyl hexanoate* tr - 0.8 
8 a-Cubebene 11.0 7.7 5.0 
9 a-Copaene 8.0 0.8 -
10 Hexyl hexanoate 
- - 30 
11 P-Elemene 17.0 14.0 4.0 
12 a-Gurjunene 0.2 - 0.3 
13 (3-Caryophyllene 5.7 3.3 1.1 
14 P-Farnesene* - - 0.5 
15 Dodecanol* tr - -
16 P-Selinene 4.4 3.3 3.0 
17 y-Cadinene 17.0 23.0 6.0 
18 l-ep/'-Bicyclosesquiphellandrene* 5.0 6.0 0.7 
19 5-Cadinene* - - 1.8 
20 p-Sesquiphellandrene* 3.8 7.0 2.0 
21 El emo 1/hedy caryo 1 * * 2.4 4.0 1.5 
22 Viridiflorol* tr 0.9 _ 
tr Component occurs in trace amounts. 
- Component not detected. 
* Correct identity not established with certainty. 
** The two compounds elute at similar times, and both are confirmed present. 
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Table H. Percentage composition of oil and extracts of Osage orange. 
Number Compound Steam Distillate Soak (Chopped) Soak (Ground) Soxhlet (CHiCK) Soxhlet (Hexane) 
1 2-Hexanone 1.2 - . - -
2 Hexanal* 2.4 - _ _ -
3 2-FurfuraIdehyde 0.6 - - - -
4 Hexanol 1.1 - - . -
5 p-Xylene 0.5 - - - -
6 Heptanal* 0.5 - - - -
7 
8 
6-Methyl-5-hepten-2-one 
2-Pentvl furan* 
3.8 
1.5 
- -
-
9 Phenylacetaldehyde 0.5 - - . -
10 p-Cresol 3.6 - - - -
11 2,6-Nonadienal 4.4 . - - -
12 (£)-2-Decenal 2.0 - - - -
13 Decanol 0.9 - - - -
14 a-Cubebene 1.7 - - - -
15 Hexyl hexanoate - 1.6 0.9 - -
16 P-Patchoulene* 1.2 - - 0.4 -
17 P-Carvophyllene 0.9 . - 0.2 -
18 1-DodecanoI 4.8 - - - -
19 a-Elemene 3.2 - 2.0 - -
20 5-Cadinene 2.5 - . - -
21 Elemo 1/Hedycaryol * * 7.3 2.0 1.7 1.4 2.9 
22 Tetradecanal - 10.5 8.0 2.0 11.4 
23 P-Eudesmol 3.0 - . - -
24 (Z.£>Famesol 13.6 3.8 9.4 1.7 1.6 
- Component not detected. 
* Correct identity not established with certainty. 
** The two compounds elute at similar times, and both are confirmed present. 
Table Ht. Repellency of Osage orange extracts and individual chemicals to the German 
cockroach in seconds on the treated (TRT) or untreated (UNTRT) side of the petri dish. 
Treatment Dosage TRT SEM UNTRT SEM % repellency* 
Osage orange (unripe) 
Steam distillate 5 mL 95.5 9.8 206 10.3 36.7* 
1 mL 78.3 12.6 223 12.2 48.1* 
Osage Orange (ripe) 
Steam distillate 1 mL 64.8 20.2 235 20.2 56.8* 
Ground hexane soak 1 mL 76.6 10.9 224 11.0 49.0* 
Chopped hexane soak 1 mL 111 10 188 10.8 25.7* 
Hexane soxhlet 1 mL 85.5 13.6 208 13.1 41.8* 
MeCl2 soxhlet 1 mL 116 10.5 184 10.3 22.6* 
Compounds 
Osajin 160 |_ig/cm2 103 13 197 13.1 31.2* 
80 117 11.6 184 12.2 22.3* 
Pomiferin 160 138 17.2 163 17.2 8.2 
Hexyl hexanoate 160 142 5.9 158 5.7 5.2 
a-Cubebene 80 99.4 14.6 211 15.9 35.9* 
16 118 9.2 182 9.2 21.6* 
Elemo 1/Hedycaryo I 160 107 12.1 196 11.9 29.6* 
a-Copaene 80 147 6.7 153 6.7 1.86 
16 128 9.7 172 10.0 14.6 
Farnesol 160 119 7.6 181 7.9 20.8* 
80 124 6.5 176 6.2 17.5* 
16 124 9.5 175 9.5 17.0* 
a (untrt - trt/300)xl00. 
* % Repellency was significant by paired t-test at a = 0.05. 
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CHAPTER 5. EXAMINATION OF TWO ESSENTIAL OILS AS MOSQUITO 
REPELLENTS 
A paper prepared for submission to Journal of Medical Entomology 
Chris J. Peterson, Wayne A. Rowley and Joel R Coats 
ABSTRACT The mosquito repellent effects of the essential oils of two plants, catnip 
Nepeta cataria and the fruits of the osage orange Maclura pomifera were examined. A 9 cm 
x 60-cm glass tube was used as a choice-test arena to test the repellency of these essential 
oils to the yellow fever mosquito Aedes aegypti. The test utilized a latin square design, 
blocked by replication and order of testing, because the mosquitoes are not uniformly active 
at all times of the day. The catnip essential oil and the Z,£"-isomer of nepetalactone were 
both significantly repellent at 1% and 0.1%. Diethyl-m-toluamide (DEET) was significantly 
repellent at 10, 5 and 1% in this assay. 
KEY WORDS Aedes aegypti, repellent, Nepeta cataria, Maclura pomifera, nepetalactone 
At the current time, diethyl-m-toluamide (DEET, Figure 1) is the most widely used insect 
repellent available. First synthesized in the early 1950s (McCabe et al., 1954), worldwide 
usage now exceeds 200,000,000 persons annually (U.S. EPA, 1980). DEET is usually 
regarded as safe, but up to 50% of the applied dose of DEET may be absorbed into the skin 
within six hours (Lurie et al., 1979), and toxic effects have been documented in the literature 
(for example Roland et al., 1985, Howard and Howard 1985; and Miller, 1982). 
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N.N-diethyl-nz-to Iuainide 
Figure 1. Structure of DEET. 
In the United States, citronella is a popular botanical ingredient in insect repellent 
formulations. Candles and incense containing oil of citronella are also sold as insect 
repellents. Lindsay et al. (1996) reported that citronella candles or incense were ineffective 
for reducing the biting pressure of mosquitoes. 
Two plants, the mint catnip, Nepeta cataria L. (Peterson et al., this volume. Chapter 3), 
and the fruit of the osage orange tree, Maclura pomifera (Raf.) Schneid. (Peterson et al., this 
volume, Chapter 4), have been shown to have insect repellent properties against German 
cockroaches, Blattella germanica (L ). Osage orange extracts were also recently tested 
against the maize weevil, Sitophilus zeamais Motschulsky (Peterson et al., this volume. 
Chapter 2). The essential oil of catnip has been shown to contain > 98% nepetalactone, 
which exists in two isomers, Z,E- and £".Z-nepetalactone (Figure 2) (Bates and Sigel, 1963). 
Z.E- nepetalactonc E.Z- nepetalactone 
Figure 2. Structures of nepetalactone isomers from catnip. 
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Osage orange essential oil has recently been reported to contain several sesquiterpenoids, 
including elemol, hedycaryol, Z.if-farnesol, a-cubebene and 5-cadinene (Peterson et al., this 
volume, Chapter 4). 
The current study examines the insect repellent properties of these two essential oils 
against the yellow fever mosquito, Aedes aegypti L. We used a 9 x 60-cm static-air 
olfactometer in a latin square design to compare the effects of the catnip essential oil, the 
osage orange essential oil, Z.^-nepetalactone and DEET at two concentrations on the 
mosquitoes. 
Materials and Methods 
Insects. A colony of Aedes aegypti was established in the summer of 1999 from wild 
mosquitoes collected in Costa Rica. The colony was blood-fed on a sedated rabbit. Eggs 
from mosquitoes were dried and stored in an incubator until needed. Eggs were placed in 
dexoygenated water and two to three drops of ground fish food were added to the water to 
feed the larvae. Pupae were removed from the larval pans as they appeared and were placed 
into mesh-covered paper cups. Adults were removed as they emerged by using an aspirator. 
The adults were sexed and the females were retained for the repellency tests. The 
mosquitoes were allowed to feed on a cotton ball soaked with 10% (0.3 M) sucrose solution 
for four days before testing. The cotton ball was removed about 24 hr before the test was 
run. 
Compounds and Essential Oils. The catnip essential oil and osage orange essential oil 
were obtained by steam distillation as described in Peterson et al. (this volume. Chapter 3). 
Catnip essential oil was found by high performance liquid chromatography (HPLC) to 
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consist of 85% Z,£"-nepetalactone and 15% E,Z-nepetaiactone. The hexane washings from 
the osage orange steam distillation were used in the testing without any concentration or 
further purification. Z,^-Nepetalactone was purchased as "catnip oil" from Kong Pet 
Products, Golden CO. HPLC analysis of this oil determined that it consisted of 97.5% Z.^-
nepetalactone, 0.8% E,Z-nepetalactone and 1.7% unknown. Diethyl-w-toluamide (DEET) 
was purchased from Aldrich Chemical Co., Milwaukee, WI. 
Bioassay. A static-air choice-test apparatus was used to determine the behavioral effects 
of the insects in this study. The apparatus consisted of a 9 x 60-cm section of glass tubing 
with a 2-cm hole drilled at the midpoint along the length for central introduction of the 
insects. One ml of test compound dissolved in acetone was placed on a 9-cm filter paper and 
allowed to dry for several minutes. Another filter paper was treated with certified acetone. 
The filter papers were placed inside the lids of 9-cm plastic petri dishes, and the lids were 
placed over the ends of the glass tube. The position of the treated side, to the right or to the 
left, was selected by using a random-number table. Twenty unmated adult female 
mosquitoes were introduced into the tube by using an aspirator. The insects were allowed to 
disperse through the tube for ten minutes and the number of insects in each side (30 cm) were 
counted. A preliminary test was run with DEET at 1572, 786 and 157 ng/cm2 to confirm if 
the assay was capable of detecting repellency. The test was run with two doses of treatment, 
a high dose and a low dose, consisting of 157 fjg/cm2 and 16 p.g/cm2, respectively. One ml 
of the osage orange steam distillate was used in the high dose test and was diluted with 
acetone to one-tenth its concentration for the low dose test. 
Calculations. Statistical significance of treatments, replications and order of testing was 
determined by using a latin square design with five treatments and five replications. The 
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latin squares analysis of variance (ANOVA) was calculated by hand. The latin square design 
was chosen over a randomized complete block design in order to determine if the time of day 
affects repellency. Mosquitoes are not uniformly active for the duration of their active 
periods (Rowley et al., 1987), and because the last treatment of any replication is run after 
the first treatment, it is possible that sig* " r jant differences in behavior may be observed 
simply due to the time of day. Percentage of repellency was calculated by subtracting the 
number of insects on the treated side from the number on the untreated side, dividing that 
value by the total number of insects present, then converting to a percentage. Percentage 
repellency values were compared by using a paired t-test to compare the numbers of insects 
on each side for each treatment. 
Results & Discussion 
Significant differences due to treatment were found for the high dose test (F= 4.96, df= 
4,12, r2 = 0.6911), but not for the low dose test (F = 3.02, df = 4,12, r2 = 0.6428). Significant 
differences due to replication or order of testing were not seen at either concentration. 
The results with 1572 and 786 ng/cm2 DEET show that the assay is capable of detecting 
repellency in A. aegypti. These levels are comparable to those found in commercial DEET 
products (corresponding to one ml of 10% DEET and one ml of 5% DEET on the 9-cm filter 
paper, respectively). Significance due to treatment was seen for the high dose test, and 
significant differences were found by the paired t-test for the catnip essential oil (CNEO) and 
Z—-isomer. Though the overall model did not show significance due to concentration for the 
low dose treatments, significant differences between the number of insects on each side of 
the test chamber were seen for CNEO and the Z.iT-isomer of nepetalactone by the paired t-
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test. Significant repellency was not observed for the osage orange essential oil (OOEO) or 
DEET at either concentration. 
In this study, we report mosquito repellent activity of the essential oil of catnip, a common 
plant that frequently grows as a weed in many parts of the United States. Quwenling and 
citronella are other monoterpenoid-based products, marketed as mosquito repellents. 
Confirmation of activity of the catnip plant itself was not the intent of this study. It is hoped 
that examination of this plant may provide leads for the development of mosquito repellent 
products that may be safer and more accepted by the consumer than DEET. This study also 
reports an assay that detected repellency of DEET to mosquitoes in the absence of host odors. 
We hope that this assay will provide a rapid and reliable tool for initial screening of potential 
repellent compounds. This assay has yet to be validated by field trials, however. 
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Table 1. Repellency of High Dose, Low Dose and Positive Control Treatments to Aedes 
aegypti 
Treatment % Repellency3 SEM t-value 
157 ng/cm2 CNEO 58.66 9.46 5.57* 
157 fog/cm2 Z,E isomer 49.55 14.8 3.62* 
1 ml OOEO 4.87 15.5 0.34 
157 ng/cirt2 DEET 10.00 7.41 1.38 
High Dose Control 0.22 10.5 0.0 
16 ng/cm2 CNEO 53.26 11.9 4.12* 
16 ng/cm2 Z,E isomer 45.58 12.4 3.67* 
1/10 ml OOEO 13.11 15.7 0.89 
16 fjg/cm2 DEET 9.71 6.76 1.4 
Low Dose Control 17.37 11.4 1.53 
1572 ng/cm2 DEET 78.93 5.34 13.0* 
786 |ig/cm2 DEET 85.35 3.94 9.90* 
157 ng/cm2 DEET 78.36 12.0 5.20* 
Control -4.82 6.20 0.77 
* Indicates that treatment was significantly different from a random distribution by paired t-
test (a = 0.05). 
a Percentage repellency = [(# of insects on untreated side - # insects on treated 
side)/totaI]x 100. 
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CHAPTER 6. GENERAL CONCLUSIONS 
The studies presented here represent my efforts over the last several years to identify 
potential naturally occurring insect repellents. The two plants reported here, catnip and 
osage orange, came to our attention via folklore. 
We had hoped with the first study presented here to identify active components of the 
osage orange. We confirmed repellency in the extracts, but were unsuccessful in determining 
repellency to two well-known and relatively easily isolated components, osajin and 
pomiferin. Even if these two compounds had proven repellent to the maize weevil, it is 
unlikely that they would become useful as repellents, because the bright yellow color of the 
compounds would discolor any surface treated with it. These compounds permanently stain 
fabrics. However, this would not limit their use in areas where discoloration would not be 
problematic, such as the inside of grain augurs or storage bins. 
The study of the effects of catnip on German cockroaches was as informative as it 
was fun to conduct. This study was the first to examine the effects of the individual isomers 
of nepetalactone on cockroaches. It was interesting to discover that one isomer was more 
active than the other was. We determined that the chemoreceptors responsible for the 
repellent response were located on the antennae, which was assumed to be the case but not 
demonstrated until now. This study generated some interest by the national media, and it 
was a pleasure and a challenge for me to work with them. This study has also inspired 
several high school science fair projects, and I had the opportunity to give guidance to the 
students via the Internet. 
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Chapter 4 reflected an effort to reexamine some of the activity we saw in osage 
orange extracts in Chapter 2. Essential oils, because of their volatility, would be more likely 
candidates for repellents than the isoflavones we examined in Chapter 2. A search of the 
literature and Chemical Abstracts Service (CAS) revealed that no chemical analysis of osage 
orange essential oil existed. We therefore saw an opportunity to expand the existing 
knowledge of this plant by examining its essential oil, as well as look for repellent 
compounds. We identified several sesquiterpene compounds, and tested those we could 
purify or purchase. We purified some compounds from purchased impure mixtures. We 
again used German cockroaches, due to the ease of obtaining them. The osage orange 
extracts were all repellent, several of the individual compounds were repellent, but several of 
the individual compounds we tested were not. Although this test would seem to confirm the 
folklore insect-repellent properties of osage orange, this study did not determine if placing 
intact fruits in homes would have any effect on insect distribution. 
In the last chapter we hoped to determine if these plants repel insects in the most 
popular arena of insect repellency, i.e. mosquito repellents. There are some uses of repellents 
in the home or in agriculture, but the use of repellents for personal protection against insect 
bites is by far the most common. We determined that DEET was repellent in the assay we 
used, although some may argue that a static-air olfactometer is intrinsically flawed, because 
insects are reported to require moving air to determine the location of an odor source. The 
preceding assumption certainly holds true for attractants, but may not for repellents. We 
determined that catnip essential oil concentrations as low as 0.1% significantly reduced the 
number of insects near the treated area. DEET was ineffective at this concentration. 
Commercial DEET formulations are commonly 5% or greater. Whether catnip essential oil 
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concentrations effective in the olfactometer are effective in field situations (and for how 
long) remains to be seen. No studies have yet been done regarding rate of catnip essential oil 
absorption or evaporation from the skin. User compliance may be a problem with essential 
oils, because they have strong odors that may be objectionable to some people. In addition, 
most cats are attracted to catnip oil, an interesting non-target effect. 
What commercial success these natural substances experience as repellents remains to 
be seen. This study is only concerned with a very small, but important, stage in the entire 
development process. Such things as application rate, effective uses, non-target toxicity and 
environmental fate, although touched on lightly throughout the literature, have yet to be 
examined in the context of commercial repellent development. However, I believe that the 
studies presented here provide a valuable springboard for further investigation. 
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APPENDIX. TWO CHOICE-TEST ASSAYS FAIL TO DETECT REPELLENCY IN 
MOSQUITOES 
ABSTRACT The collection and establishment of a colony of the northern house 
mosquito, Culexpipiens, is described. A static-air tunnel experiment for Aedes aegypti failed 
to detect repellency, and the potential reasons for this are discussed. The failure of a Y-tube 
olfactometer to detect repellency of essential oils to C. pipiens is discussed. A toxicity assay 
was conducted on A. aegypti and C. tarsalis. 
Culex pipiens Colony Establishment 
Egg rafts of the northern house mosquito, Culex pipiens, were collected in "sod 
buckets" from August 15 to August 30, 2000 on the Iowa State University campus in Ames, 
Iowa. The sod buckets consisted of a plastic 19-liter bucket with four 7.62-cm diameter 
holes cut in the sides roughly two-thirds of the distance from the base. A 20-cm square 
section of grass sod was cut from the lawn and placed in the bucket. The bucket was filled to 
the level of the holes with tap water and the bucket was covered with an opaque plastic lid. 
Mosquitoes had access to the water surface through the 7.62-cm holes. Each morning, egg 
rafts were collected from the surface of the water and were placed separately in 250-ml ice 
cream cups filled roughly halfway with distilled water. Ground flake fish food was mixed 
with distilled water and a few drops of this mixture was added to the cups as a food source 
for the larvae. The cups were covered with nylon mesh. Each cup was keyed to species at 
the fourth instar by using the key of Ross and Horsfall (1965). Those cups containing 
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species other than C. pipiens were discarded. Roughly one cup in ten was identified as C. 
restucms and C. tarsalis were sometimes found. 
The larvae were allowed to reach the pupal stage, at which time they were placed into 
new cups and allowed to emerge as adults into a 0.76-m3 metal screen cage. The water from 
the larval cups was retained to provide oviposition water for the next generation, because C. 
pipiens will not oviposit onto nutrient-poor water. The mosquitoes were sugar fed on a 
cotton pad wetted with 10% (0.3 M) sucrose solution placed on top of the cage. One week 
after adult emergence, the cotton pad was removed and 24 hr later a restrained quail was 
placed in the cage overnight to provide a blood meal. Three days after feeding, a dish filled 
with oviposition water was placed in the cage overnight. Egg rafts were removed each day 
for several days. Five egg rafts were placed in an enamel pan measuring approximately 7 
inches by 14 inches. The pan was filled with approximately one inch of distilled water. Two 
or three drops of ground flake fish food mixed with water were added to the pan. One 
additional drop of the fish food mixture was added each day following. At the pupal stage, 
50 pupae were placed into ice cream cups filled approximately half full with distilled water. 
The adults were sexed after emergence, and the female insects were retained for testing. 
Another pan was set aside to maintain the insect colony. 
Static-Air Olfactometer 
Introduction 
This test was run in an attempt to evaluate the repellent activity of diethyl-w-
toluamide (DEET) to Aedes ciegypii in a static-air olfactometer. 
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Materials and Methods 
For this test, an 8 x 1 x 1-foot Plexiglas® apparatus was constructed. The tunnel was 
divided into four two-foot sections and the number of mosquitoes in each section was 
counted at five-minute intervals for 20 minutes. The data were analyzed by using a %' (chi-
square) test to determine differences from a random distribution of insects. 
Approximately 50 female A. aegypti (reared as described in Chapter 5 of this 
dissertation) were released into the olfactometer and allowed to disperse for several minutes 
before the introduction of the treatments. Treatments were applied to a 25-cm piece of filter 
paper and placed in each end of the tube. The position of the treated side was randomized by 
using a random number table. 
Results 
The results of the test are reported in Table 1. The number of insects seen in each 
section is an average of three replications. Significance was not observed for the 10% DEET 
trials. This represents a failure of the test to detect repellency. One possible reason for this is 
that DEET may act only over short distances. Lactic acid, which DEET is thought to 
antagonize (Davis and Sokolove, 1976) is a short-range attractant (Cork, 1996). Chapter 5 of 
this dissertation confirmed that DEET does act as a repellent, but the distances in that test 
were much shorter. It may be that the insects were repelled, but only over distances that 
would not be detected in the current method (e.g. they were repelled out of the final six or so 
inches, but not out of the final two feet). Although definitive statistics have not been done, it 
appears as if there may be edge effects on the distribution of the insects, because sections 1 
and 4 nearly always contained more insects than sections 2 and 3. The fact that we saw 
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significant differences in some of the control treatments also casts doubt on the current 
as a viable method for detecting repellency. 
Table 1. Number of insects and xZ values for treatments in this test 
# Insects Observed in each Area 
Treatment Time 1 2 3 4 X2 Calculated 
Blank 5 13.7 8.7 6 15 4.93 
10 15 9.3 5.7 16 6.19 
15 14 7.7 5.7 16.7 7.33 
20 14.7 8 4.7 17.3 9.18* 
Acetone 5 6 6 4.7 15 8.6* 
10 5.3 7.3 6 12.7 4.24 
15 8 6.3 4.3 13.3 5.58 
20 6 6.3 3.7 14 8.07* 
Hexane 5 11.3 8.7 6.3 11.3 1.85 
10 12.3 8.7 6.7 12 2.25 
15 12.3 8.7 6.3 12.3 2.63 
20 12.7 8.7 6.3 11.7 2.54 
10% DEET 5 15 11 6.7 9.7 3.39 
10 13.3 11.7 8.7 10 1.13 
15 11 11.7 9.7 10.7 0 194 
20 12.7 10 9.3 11 0.586 
^Significant deviation from a random distribution was determined for this treatment. 
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Y-Tube Olfactometer 
Introduction 
This test was run to evaluate the mosquito repellent properties of DEET, catnip 
essential oil, Z,iT-nepetalactone, and osage orange essential oil in a Y-tube olfactometer. 
Materials and Methods 
The olfactometer is described by Mauer and Rowley (1999) and is similar to that 
described by Geier and Boeckh (1999). Briefly, the olfactometer consisted of 13-cm 
diameter Plexiglas® tubing in the shape of a Y, and air is pulled through from the arms to the 
stem by a small electric fan. The insects are introduced in the stem of the Y and allowed to 
acclimate for 15 minutes. The mosquitoes are then allowed to choose for 30 minutes 
between an arm of the olfactometer containing a repellent and an arm containing a blank 
(solvent) treatment. Because C. pipiens are night-active, the tests were run in the dark 
between the hours of 2200 and 0500 central time. For each treatment, 0.75 ml of the test 
solution was applied to a 7-cm piece of filter paper and the solvent allowed to dry for several 
minutes before being introduced to the apparatus. When carbon dioxide was used as an 
attractant odor source, it was introduced into the apparatus through plastic tubing that was 
run in through the arms of the apparatus. The position of the treatments in either the left or 
right arms of the apparatus was randomized with a random-number table. The apparatus was 
cleaned with 75% methanol between runs. Latex gloves and long-sleeved shirts were worn 
whenever the interior of the olfactometer was handled. Percentage repellency was 
determined by subtracting the number of insects in the treated side from the number of 
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insects in the control side, dividing that value by the total number of insects tested and 
converting to a percentage. Several methods were attempted in this test, and I will address 
each one as I describe the results in the next section. C. pipiens were obtained from the 
colony described in this chapter in the section regarding the establishment of the C. pipiens 
colony. 
Results 
Table 2 reports the results of the attempts to detect repellency to C. pipiens. The first 
tests, using young (less than 36 hours old) C. pipiens adults, found significant effects when 
no treatments were present. Examination of the raw data confirmed that the insects were 
tending to the right side of the apparatus. The apparatus was shrouded with white paper, and 
there were no apparent visual cues to orient them to the right arm of the tube. In an attempt 
to confirm attraction to carbon dioxide, CO2 was run to one side of the Y-tube, the side 
determined at random. No attraction was noted. 
These results may have been due to the young age of the mosquitoes. Mosquitoes 
usually do not respond to host odors for 24 - 72 hours after emergence, probably due to 
initial insensitivity of the antennal receptors (Klowden, 1996). Therefore, we allowed the 
insects to feed for three days on a cotton ball soaked with 10% sucrose solution. The cotton 
ball was removed 24 hours before the insects were to be used in the test. 
With the four-day-old adults, we again saw a significant tendency of the mosquitoes 
to prefer the right side of the apparatus. We are at a loss to describe this result. There was a 
significant repellent effect of CO2 on the insects. Because the side that received the CO2 was 
randomized, this effect was not a tendency to the right arm as seen in the control. The flow 
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rate of the CO? was changed during various runs, but no attraction was observed. Only one 
trial (n = 1) was attempted for the other treatments in Table 2, so determination of 
significance was not possible. Due to significance in control treatments, however, any 
significance that may have been observed in the other treatments would be suspect. 
The failure of this assay to detect repellency may be due to the fact that it was 
designed to detect attractants. It would seem logical to assume that an assay designed to 
detect attractants would be suitable to detect repellents as well. One would simply look for 
the opposite response. At the insect level, however, attraction and repellency may not be so 
easily in contrast. In attraction, the presence of attractive odors causes oriented movements 
toward the odor's source. Repellency, as we have seen in Chapter 1 of this dissertation, can 
be a result of any number of physiological processes, many of which do not involve oriented 
movements away from the odor source. DEET, for example, by antagonizing lactic acid 
receptors, causes the insect to move away from the odor source not by oriented movement, 
but by attempting to find the odor source again (Davis and Sokolove, 1976). Why the insects 
here did not respond to carbon dioxide is unknown. 
Preliminary Toxicity Assay 
Introduction 
This assay was conducted to determine a safe dose of catnip, Nepeta cataria, essential oil to 
two mosquito species, the yellow fever mosquito Aedes aegypti and Cit/ex tarsal is. This test 
was in preparation for the use of this essential oil in a microcomputer-monitored mosquito 
flight activity system described by Rowley et al. (1987). This test was not 
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Table 2. Results of the Y-tube assay of effects to C. pipiens 
Young Culex 
% Repelled SEM # Trials (n) t-value 
Blank vs Blank 
C02 vs Blank 
Four-day old Culex 
Blank vs Blank 
C02 vs Blank 
C02 vs C02 
C02 + 0.1% LA vs Blank 
C02 + 0.1%LA VS COz 
C02 + 1% DEET vs C02 
COz + 10% DEET vs C02 
27.03 
8.5 
27.02 
24.22 
33.3 
36.84 
37.5 
30.0 
62.5 
8.98 
9.53 
9.34 
11.5 
6.88 
9 
11 
4 
10 
1 
1 
1 
2 
1 
2.82* 
1.02 
2.89* 
2.14* 
2.50 
*Significant effect was found by paired t-test at the appropriate degrees of freedom (n - 1). 
C02 = carbon dioxide, LA = lactic acid. 
conducted, but I will present the results to the preliminary toxicity testing to report acute 
toxicity data of the catnip essential oil. 
Materials and Methods 
Yellow fever mosquitoes, Aedes aegypti, used in this study were obtained from the 
colony mentioned in Chapter 5 of this dissertation. Culex tarsalis were obtained from a 
laboratory colony reared by the methods described earlier in this appendix for C. pipiens. 
The catnip essential oil used was obtained by the methods described in Chapter 3 of 
this dissertation. 
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Toxicity tests were performed in the upper sections of ground glass bottles where the 
bottoms had been removed. The open bottom was covered with a 7-cm piece of filter paper 
secured with all-purpose glue. The glue was allowed to dry for several days. One-half ml of 
test solution in hexane was applied to the filter paper and allowed to dry for one minute. 
Parafilm was placed over the filter paper to seal the bottom. Five adult mosquitoes (unsexed) 
were placed into the bottle through the moth. The mouth was plugged with a cotton ball 
soaked in 10% sucrose solution. The cotton ball was wetted with distilled water once a day 
during the test. Mortalities were recorded at 0.5, 24, 48 and 120 hours. 
Results 
Table 3 reports the results of the toxicity testing to C. tarsalis and A. aegypti. 
Percentage mortalities represent the mean of five replicates. A. aegypti were more tolerant of 
catnip essential oil than were C. tarsalis. After 120 hours, about half the time suggested to 
conduct the computer-assisted activity assay, there was 3% mortality in A. aegypti at 1.3 
Hg/cm2 (not different than the control), while 69% mortality was observed at this dose for C. 
tarsalis. As well, 36% mortality was seen for C. tarsalis in the control. The observed 
toxicity to CNEO may be from either fumigation or contact toxicity. If these compounds are 
tested in the microcomputer-monitored system, testing of A. aegypti would need to be at 
levels lower than 1.3 ng/cm2. The observed mortality of C. tarsalis is unacceptably high, and 
efforts are warranted to increase survival in control treatments before the testing can be 
conducted. 
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Table 3. Toxicity of catnip essential oil (CNEO) to A. aegypti and C. tarsalis at four time 
points 
Aedes aegypti 
% Mortality 
CNEO (ng/cm2) 0.5 hr 24 hr 48 hr 120 hr 
130 26 100 100 100 
65 37 100 100 100 
13 3 iod 100 100 
6.5 3 24 27 27 
1.3 0 3 3 3 
Hexane control 4 7 7 7 
Blank control 0 10 10 10 
Culex tarsalis 
CNEO (ng/cm2) 0.5 hr 24 hr 48 hr 120 hr 
65 0 100 100 100 
13 0 100 100 100 
6.5 0 50 61 93 
1.3 0 19 31 69 
Hexane control 0 20 20 36 
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